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OBJECTS,  ADVANTAGES,  AND  PLEASURES 


SCIENCE. 


INTRODUCTION. 


In  order  fully  to  understand  the  advantages  and  the  pleasures  which  are 
derived  from  an  acquaintance  with  any  Science,  it  is  necessary  to  become 
acquainted  with  that  Science ; and  it  would  therefore  be  impossible  to 
convey  a complete  knowledge  of  the  benefits  conferred  by  a study  of  the 
various  Sciences  which  have  hitherto  been  cultivated  by  philosophers, 
without  teaching  all  the  branches  of  them.  But  a very  distinct  idea  may 
be  given  of  those  benefits,  by  explaining  the  nature  and  objects  of  the 
different  Sciences : it  may  be  shown,  by  examples,  how  much  use  and 
gratification  there  is  in  learning  a part  of  any  one  branch  of  knowledge  ; 
and  it  may  thence  be  inferred,  how  great  reason  there  is  to  learn  the  whole. 

It  may  easily  be  demonstrated,  that  there  is  an  advantage  in  learning, 
both  for  the  us^iilness  and  the  pleasure  of  it.  There  is  something  ])ositivcly 
agreeable  to  all  men,  to  all  at  least  whose  nature  is  not  most  grovelling 
and  base,  in  gaining  knowledge  for  its  own  sake.  When  you  see  any- 
thing for  the  first  time,  you  at  once  derive  some  gratification  from  the 
sight  being  new ; your  attention  is  awakened,  and  you  desire  to  know 
more  about  it.  If  it  is  a piece  of  workmanship,  as  an  instniment,  a 
machine  of  any  kind,  you  wish  to  know  how  it  is  made  ; how  it  works  ; 
and  what  use  it  is  of.  If  it  is  an  «nimal  you  desire  to  know  where  it 
comes  from  ; how  it  lives ; what  are  its  dispositions,  and,  generally,  its 
nature  and  habits.  You  feel  this  desire,  too,  without  at  all  considering 
that  the  machine  or  the  animal  may  ever  be  of  the  least  use  to  yourself 
practically  ; for,  in  all  probability,  you  may  never  see  them  again.  But 
you  have  a curiosity  to  learn  all  about  them,  because  they  arc  new  and 
unknown.  You  accordingly  make  inquiries  ; you  feel  a gratification  in 
getting  answers  to  your  questions,  that  is,  in  receiving  information,  and  in 
knowing  more, — in  being  better  informed  than  you  were  before.  If  you 
happen  again  to  see  the  same  instrument  or  animal,  you  find  it  agreeable 
to  recollect  having  seen  it  formerly,  and  to  think  that  you  know  something 
about  it.  If  you  see  another  instrument  or  anima:!,  in  some  respects  like, 
but  differing  in  other  particulars,  you  find  it  pleasing  to  compare  them  to- 
gether, and  to  note  in  what  they  agree,  and  in  what  they  differ.  Now,  all 
this  kind  of  gratification  is  of  a pure  and  disinterested  nature,  and  has  no 
reference  to  any  of  the  common  purposes  of  life  ; yet  it  is  a pleasure — an 
enjoyment.  You  are  nothing  the  richer  for  it ; you  do  not  gratify  your 
palate  or  any  other  bodily  appetite ; and  yet  it  is  so  pleasing,  that  you 
would  give  something  out  of  your  pocket  to  obtain  it,  and  would  forego 
some  bodily  enjoyment  for  its  sake.  The  pleasure  derived  from  Science 
is  exactly  of  the  like  nature,  or,  rather,  it  is  the  very  same.  For  what 
has  just  been  spoken  of  is,  in  fact.  Science,  which  in  its  most  compre- 
hensive sense  only  means  Knowledge,  and  in  its  ordinary  sense  means 
Knowledge  reduced  to  a System  ; that  is,  arranged  in  a regular  order,  so 
as  to  be  conveniently  taught,  easily  remembered,  and  really  applied, 
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The  practical  uses  of  any  science  or  branch  of  knowledcfc  are  un 
doubtedly  of  the  highest  importance  ; and  there  is  hardly  any  man  who 
may  not  gain  some  positive  advantage  in  his  worldly  wealth  and  comforts, 
by  increasing  his  stock  of  information.  But  there  is  also  a pleasure  in 
seeing  the  uses  to  which  knowledge  may  be  applied,  wholly  independent 
of  the  share  we  ourselves  may  have  in  those  practical  benefits.  It  is 
pleasing  to  examine  the  nature  of  a new  instrument,  or  the  habits  of  an 
unknown  animal,  without  considering  whether  or  not  they  may  ever  be  of 
use  to  ourselves  or  to  any  body.  It  is  another  gratification  to  extend  our 
inquiries,  and  find  that  the  instrument  or  animal  is  useful  to  man,  even 
although  we  have  no  chance  ourselves  of  ever  benefiting  by  the  informa- 
tion : as,  to  find  that  the  natives  of  some  distant  country  employ  the 
animal  in  travelling : — nay,  though  we  have  no  desire  of  benefiting  by 
the  knowledge ; as  for  example,  to  find  that  the  instrument  is  useful  in 
performing  some  dangerous  surgical  operation.  The  mere  gratification 
of  curiosity  ; the  knowing  more  to-day  than  we  knew  yesterday  ; the  un- 
derstanding clearly  what  before  seemed  obscure  and  puzzling  ; the  con- 
templation of  general  truths,  iind  tlie  comparing  together  of  different 
things, — is  an  agreeable  occupation  of  the  mind  ; and,  beside  the  present 
enjoyment,  elevates  the  faculties  above  low  pursuits,  purifies  and  refines 
the  passions,  and  helps  our  reason  to  assuage  their  violence. 

It  is  very  tnie,  that  the  fundamental  lessons  of  philosophy  may  to 
many,  at  first  sight,  wear  a forbidding  aspect,  because  to  comprehend 
them  requires  an  effort  of  tlie  mind  somewhat,  though  cercainly  not  much, 
greater  than  is  wanted  for  understanding  more  ordinary  matters ; and 
the  most  important  branches  of  philosophy,  those  which  are  of  the  most 
general  ap)>lication,  are  for  that  very  reason  the  less  easily  followed,  and 
the  less  entertaining  when  apprehended,  presenting  as  they  do  few  par- 
ticulars or  individual  objects  to  the  mind.  In  discoursing  of  them,  more- 
over, no  figures  will  be  at  present  used  to  assist  the  imagination  ; the 
.appeal  is  made  to  reason,  without  help  from  the  senses.  But  be  not, 
therefore,  prejudiced  against  the  doctrine,  ttit  tlw  pleasure  of  learning 
the  tniths  which  philosophy  unfolds  is  truly  above  all  price.  Lend  but  a 
patient  attention  to  the  principles  explained ; and,  giving  ns  credit  for 
stating  nothing  which  has  nut  some  practical  use  belonging  to  it,  or 
some  important  doctrine  connected  with  it,  you  will  soon  perceive  the 
value  of  the  lessons  you  are  learning,  and  begin  to  interest  yourselves  in 
comprehending  and  recoilecting  them  ; you  will  find  that  you  have 
actually  learnt  something  of  science,  while  merely  engaged  in  seeing 
what  its  end  and  purpose  is ; yoti  will  be  enabled  to  calculate  for  your- 
selves, how  fur  it  is  worth  the  trouble  of  acquiring,  by  examining  samples 
of  it ; you  will,  as  it  were,  taste  a little,  to  try  w hether  or  not  you  relish 
it,  and  ought  to  seek  after  more;  you  will  enable  yourselves  to  go  on, 
and  enlarge  your  stock  of  it ; and  after  having  first  mastered  a very  little, 
you  will  proceed  so  far  as  to  look  back  with  wonder  at  the  distance  you 
have  reached  beyond  your  earliest  acquirements. 

The  Sciences  may  be  divided  into  three  great  classes : those  which 
relate  to  Number  and  Quantity — those  which  relate  to  Mailer — and  those 
which  relate  to  Mind.  The  first  are  called  the  Malhemalict,  and  teach  the 
Iiroperties  of  numbers  and  of  figures  ; the  second  arc  culled  Nalitrai  Phi- 
losophy, and  teach  the  properties  of  the  various  bodies  which  we  are  ac- 
quainted with  by  means  of  our  senses  ; the  third  are  called  IntrUeclual  or 
Moral  Philosophy,  and  teach  the  nature  of  the  mind,  of  the  existence  of 
which  we  have  the  most  perfect  evidence  in  our  own  reflections ; or,  in 
other  words,  they  teach  the  moral  nature  of  man,  both  as  an  individual 


i:y  Cooglc 


PLEASURES  OF  SCIENCE.  3 

and  as  a member  of  society.  Connected  with  all  the  sciences,  and  subser- 
Tient  to  them,  thoug^h  not  one  of  their  number,  is  Uittory,  or  the  record 
of  facts  relating  to  all  kinds  of  knowledge. 

I.  MATHEMATICAL  SCIENCE. 

The  two  g^at  branches  of  the  Mathematics,  or  the  two  mathematical 
sciences,  are  Arithmetic,  the  science  of  number,  from  tlie  Greek  word 
signif3ring  number;  and  Geometry,  the  science  of  figure,  from  the  Greek 
words  signifying  meaturc  of  the  earth, — land-measuring  having  first 
turned  men's  attention  to  it. 

When  we  say  that  2 and  3 make  4,  we  state  an  arithmetical  proposition 
very  simple  indeed,  but  connected  with  many  others  of  a more  difficult 
and  complicated  kind.  Thus,  it  is  another  proposition,  somewhat  less 
simple,  but  still  very  obvious,  that  5 multiplied  by  10,  and  divided  by  2 is 
equal  to,  or  makes  the  same  number  with,  100  divided  by  4 — both  results 
being  equal  to  25.  So,  to  find  how  many  farthings  there  are  in  1000/., 
and  how  many  minutes  in  a year,  are  questions  of  arithmetic  which  we 
learn  to  work  by  being  taught  the  principles  of  the  science  one  after 
another,  or,  as  they  are  commonly  called,  the  rules  of  addition,  subtrac- 
tion, multiplication,  and  division.  Arithmetic  may  be  said  to  be  the  most 
simple,  though  among  the  most  useful  of  the  sciences ; but  it  teaches 
only  the  properties  of  particular  and  known  numbers,  and  it  only  enables 
us  to  add,  subtract,  multiply,  and  divide  those  numbers.  But  suppose 
we  wish  to  add,  subtract,  multiply,  or  divide  numbers  which  we  have  not 
yet  ascertained,  and  in  all  respects  to  deal  with  them  as  if  they  were 
known,  for  the  purpose  of  arriving  at  certain  conclusions  respecting  tliem, 
und,  among  other  things,  of  discovering  what  they  are ; or,  suppose  we 
would  examine  properties  belonging  to  all  numbers ; this  must  be  per- 
formed by  a peculiar  kind  of  arithmetic,  called  Univertal  arithmetic,  or 
Algebra*.  *1110  common  arithmetic,  you  will  presently  perceive,  carries 
the  seeds  of  this  most  important  jcieiice  in.  its  bosom.  Thus,  suppose  we 
inquire  what  is  the  flumiicr  which  multiplied  by  5 makes  10?  This  is 
found  if  we  divide  10  by  5, — it  is  2 : but  suppose  that,  before  finding  this 
nrimhcr  2,  and  before  knowing  what  it  is,  we  would  add  it,  whatever  it 
may  turn  out,  to  some  other  number ; this  can  only  be  done  by  putting 
some  mark,  such  as  a letter  of  the  alphabet,  to  stand  for  the  unknown 
number,  and  adding  that  letter  as  if  it  were  a known  number.  Thus, 
suppose  we  want  to  find  two  numbers  which,  added  together,  make  9,  and 
multiplied  by  one  another,  make  20.  There  are  many  which,  added  together, 
make  9 ; as  I and  8 ; 2 and  7 ; 3 and  6 ; and  so  on.  We  have,  therefore, 
occasion  to  use  the  second  condition,  that  multiplied  by  one  another  they 
should  make  20,  and  to  work  upon  this  condition  before  we  have  discovered 
the  particular  numbers.  We  must,  therefore,  suppose  the  numbers  to  be 
found,  and  put  letters  for  them,  and  by  reasoning  upon  those  letters,  ac- 
cording to  both  the  two  conditions  of  adding  and  multiplying,  we  find 
what  they  must  each  of  them  be  in  figures,  in  order  to  fulfil  or  answer 
the  conditions.  Algebra  teaches  the  rules  for  conducting  this  reasoning, 
and  obtaining  this  result  successfully ; and  by  means  of  it  we  are  enabled 
to  find  out  numbers  which  are  unknown,  and  of  which  we  only  know  that 
they  stand  in  certain  relations  to  known  numbers,  or  to  one  another,  Tlie 
instance  now  taken  is  an  easy  one ; and  you  could,  by  considering  the 
question  a little,  answer  it  readily  enough ; that  is,  by  trying  different 

■ Algebra,  from  the  Arabic  words  signifying  the  reduction  sf fractions ; jihe  Arabs  haring 
Drought  the  knowledge  of  it  into  Europe. 
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numbers,  and  seeing  which  suited  the  conditions ; for  you  plainly  see  that 
5 and  4 are  the  two  numbers  sought ; but  you  see  this  by  no  certain  or 
general  rule  applicable  to  all  cases,  and  therefore  you  could  never  work 
more  difficult  questions  in  the  same  way ; and  even  questions  of  a moderate 
degree  of  difficulty  would  take  an  endless  number  of  trials  or  guesses  to 
answer.  Thus  a shepherd  sold  his  flock  for  801. ; and  if  he  had  sold  four 
sheep  more  for  the  same  money,  he  would  have  received  one  pound  less 
for  each  sheep.  To  find  out  from  this,  how  many  the  flock  consisted  of, 
is  a very  easy  question  in  algebra,  but  would  require  a vast  many  guesses, 
and  a long  time  to  hit  upon  by  common  arithmetic* : And  questions  in- 

finitely more  difficult  can  easily  be  solved  by  the  rules  of  algebra.  In  like 
manner,  by  arithmetic  you  can  tell  the  properties  of  particular  numbers ; 
as,  for  instance,  that  the  number  348  is  divided  by  3 exactly,  so  as  to 
leave  nothing  over : but  algebra  teaches  us  that  it  is  only  one  of  an  in- 
finite variety  of  numbers,  all  divisible  by  3,  and  any  one  of  which  you  can 
tell  the  moment  you  see  it;  for  they  all  have  the  remarkable  property, 
that  if  you  add  together  the  figures  they  consist  of,  the  sum  total  is  divi- 
sible by  3.  You  can  easily  perceive  this  in  any  one  case,  as  in  the  number 
mentioned,  for  3 added  to  4 and  that  to  8 make  1 b,  which  is  plainly  divi- 
sible by  3 ; and  if  you  divide  348  by  3,  you  find  the  quotient  to  be  ll(i, 
with  nothing  over.  But  this  does  not  at  all  prove  that  any  other  number, 
the  sum  of  whose  figures  is  divisible  by  3,  will  itself  also  be  found  divisible 
by  3,  as  741 ; for  you  must  actually  perform  the  division  here,  and  in 
every  other  case,  before  you  can  know  that  it  leaves  nothing  over.  Alge- 
bra, on  the  contrary,  both  enables  you  to  discover  such  general  properties, 
and  to  prove  them  in  all  their  generalityf. 

By  means  of  this  science,  and  its  various  applications,  the  most  extra- 
ordinary calculations  may  be  performed.  We  shall  give,  as  an  example, 
the  method  of  Logarilhnu,  which  proceeds  upon  this  principle.  Take  a 
set  of  numbers  going  on  by  equal  ditTercnccs ; that  is  to  say,  the  tliird 
being  as  much  greater  than  the  .second,  as  the  second  is  greater  than  the 
first,  and  the  common  ditference  being  the  number  yon  begin  with  ; thus, 
1,  2,  3,  4,  5,  6,  and  so  on,  in  which  the  common  difibre'ncc  is  1 ; then 
take  another  set  of  numbers,  such  that  each  is  equal  to  twice  or  three 
times  the  one  before  it,  or  any  number  of  times  the  one  before  it,  but  the 
common  multiplier  being  the  number  you  begin  with:  thus,  2,  4,  8,  16, 
32,  64,  1 28 ; write  this  second  set  of  numbers  under  the  first,  or  side  by 
tide,  so  that  the  numbers  shall  stand  opposite  to  one  another,  thus, 

1 2 3 4 5 6 7 

2 4 8 16  32  64  128 

you  will  find,  that  if  you  add  together  any  two  of  the  upper  or  first  set, 
and  go  to  the  number  opposite  their  sum,  in  the  lower  or  second  set,  you 
will  have  in  this  last  set  the  number  arising  from  multiplying  together  the 
numbers  of  the  lower  set  corresponding  or  opposite  to  the  numbers 
added  together.  Thus,  add  2 to  4,  you  have  6 in  the  upper  set,  opposite 
to  which  in  the  lower  set  is  64,  and  multiplying  the  numbers  4 and  16 
opposite  to  2 and  4,  tlie  product  is  64.  In  like  manner,  if  you  subtract 

• It  i»  16. 

f Another  class  of  numbers  divisible  by  3 is  discovered  in  like  manner  by  algebra. 
Every  number  of  3 places,  the  figures  (or  digits)  composing  which  are  in  arithmetical 
progression,  (or  rise  above  each  other  by  equal  differences,)  is  ^visible  by  3 : as,  123,  789, 
357,  159,  and  so  on.  Tlic  .same  is  true  of  numbers  of  any  amount  of  places,  provided 
they  are  composed  of  3,  6,  9,  &c..  numbers  rising  above  each  other  by  equal  difrceences, 
as  289,  299,  309,  or  148,  214,  280,  or  307142085345648276198756,  which  number  of 
24  places  is  divisible  by  3,  being  composed  of  6 numbers  in  a series  whose  common  dif- 
brence  is  1137,  This  property,  too,  is  only  a particular  case  ofa  much  more  general  one. 
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one  of  the  upper  numbers  from  another,  and  opposite  to  their  difference 
in  tlie  upper  line,  you  look  to  the  lower  number,  it  is  the  quotient  found 
from  dividing  oue  of  the  lower  numbers  by  the  other  opposite  the  sub- 
tracted ones.  Thus,  take  4 from  6 and  2 remains,  opposite  to  which  you 
have  in  the  lower  line  4 ; and  if  you  divide  64,  the  number  opposite  to  6, 
by  16,  the  number  opposite  to  4,  the  quotient  is  4.  The  upper  set  are 
called  the  logarilhna  of  the  lower  set,  which  are  called  ruUural  numbert; 
and  tables  may,  with  a little  trouble,  be  constructed,  giving  the  loga- 
rithms of  all  numbers  from  1 to  10,000  and  more : so  that,  instead  of 
multiplying  or  dividing  one  number  by  another,  you  have  only  to  add  or 
subtract  their  logarithms,  and  then  you  at  once  find  the  product  or  the 
quotient  in  the  tables.  These  are  made  applicable  to  numbers  far  higher 
than  any  actually  in  them,  by  a very  simple  process : so  that  you  may  at 
once  perceive  the  prodigious  saving  of  time  and  labour  which  is  thus 
made.  If  you  had,  for  instance,  to  multiply  7,643,283  by  itself,  and  that 
product  again  by  the  original  number,  you  would  have  to  multiply  a 
number  of  7 places  of  figures  by  an  equally  large  number,  and  then  a 
number  of  14  places  of  figures  by  one  of  7 places,  till  at  last  you  had  a 
product  of  21  places  of  figures — a very  tedious  operation  ; but,  working 
by  logarithms,  you  would  only  have  to  take  three  times  the  logarithm  of 
the  original  number,  and  that  gives  the  logarithm  of  the  last  product  of 
21  places  of  figures,  without  any  further  multiplication.  So  much  for  the 
time  and  trouble  saved,  which  is  still  greater  in  questions  of  division ; but 
by  means  of  logarithms  many  questions  can  be  worked,  and  of  the  most 
important  kind,  which  no  time  or  labour  would  otlierwise  enable  us  to 
resolve. 

Geometry  teaches  the  properties  of  figure,  or  particular  portions  of 
space,  and  distances  of  points  from  each  other.  Thus,  when  you  see  a 
triangle,  or  three-sided  figure,  one  of  whose  sides  is  perpendicular  to  an- 
other side,  you  find,  by  means  of  geometrical  reasoning  respecting  this 
kind  of  triangle,  that  it  squares  be  drawn  on  its  three  sides,  the  larg^ 
S({uare  upon  the  slanting  side  opposite  the  two  perpendiculars,  is  exactly 
equal  to  tlie  two  smaller  squares  upon  the  perpendiculars,  taken  together; 
and  this  is  absolutely  true,  whatever  be  the  size  of  the  triangle,  or  the 
proportions  of  its  sides  to  each  other.  Tlierefore,  you  can  always  find 
the  length  of  any  one  of  the  three  sides  by  knowing  the  lengths  of  the 
other  two.  Suppose  one  perpendicular  side  to  be  3 feet  long,  the  other 
4,  and  you  want  to  know  the  length  of  the  third  side  opposite  to  the  per- 
pendicular ; you  have  only  to  find  a number  such,  that  if,  multiplied  by 
itself,  it  shall  be  equal  to  3 times  3,  together  with  4 times  4,  that  is  26.* 
(This  number  is  5.) 

Now  only  observe  the  great  advantage  of  knowing  this  property  of  the 
triangle,  or  of  perpendicular  lines.  If  you  want  to  measure  a line  passing 
over  ground  which  you  cannot  reach — to  know,  for  instance,  the  length 
of  one  side  covered  with  water  of  a field,  or  the  distance  of  one  point  on 
a lake  or  bay  from  another  point  on  the  opposite  side — you  can  easily  find 
it  by  measuring  two  lines  perpendicular  to  one  another  on  the  dry  land, 
and  running  through  the  two  points ; for  the  line  wished  to  be  measured, 
and  which  runs  through  the  water,  is  the  third  side  of  a perpendicular- 
sided triangle,  the  other  two  sides  of  which  are  ascertained.  But  there 
are  other  jiropcrtics  of  triangles,  which  enable  us  to  know  the  length  of 

• It  is  a property  of  numbers,  that  every  number  whatever,  whose  last  place  is  either  5 or 
0,  i,,  when  multiplied  into  itself,  equal  to  two  others  which  are  square  numbers,  and  divisible 
by  3 and  4 respectively ; — thus,  4b  x 45 =2025  ~729q- 1296,  the  squares  of  27  and  96 ; and 
GOx60,-36U0=1296-i-23O4,  the  squares  of  36  and  48. 
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two  sid<s  of  any  triangle,  whether  it  has  perpendicniar  sides  or  not,  by 
measuring  one  side,  and  also  measuring  the  inclinations  of  the  other  two 
sides  to  tliis  side,  or  what  is  called  the  two  angles  made  by  those  sides 
with  the  measured  side.  Therefore  you  can  easily  find  the  perpendicular 
line  drawn,  or  supposed  to  be  drawn,  from  the  tup  of  a mountain  through 
it  to  the  bottom,  tiiat  is  the  height  of  the  mountain ; for  you  cun  measure 
a line  on  level  ground,  and  also  the  inclinatiion  of  two  lines,  supposing 
them  drawn  in  the  air,  and  reaching  from  tlie  two  ends  of  the  measured 
line  to  the  mountain’s  top ; and  having  thus  found  the  length  of  the  one 
of  those  lines  next  the  mountain,  and  its  inclination  to  the  ground,  you  can 
at  once  find  the  perpendicular,  though  you  cannot  possibly  get  near  it.  In 
the  same  way,  by  measuring  lines  and  angles  on  the  ground,  and  near, 
you  can  find  the  length  of  lines  at  a great  distance,  and  which  you  cannot 
approach  : for  instance,  the  length  and  breadth  of  a field  on  the  opposite 
aide  of  a lake  or  sea : the  distance  of  two  islands,  or  the  space  between  the 
tops  of  two  mountains. 

Again,  there  are  curve-lined  figures  as  well  as  straight,  and  geometry 
teaches  the  properties  of  these  also.  The  best  known  of  all  the  curves  is  the 
circle,  or  a figure  made  by  drawing  a string  round  one  end  which  is  fixed, 
and  marking  where  its  other  end  traces,  so  that  every  part  of  the  circle  is 
equally  distant  from  the  fixed  point  or  centre.  From  this  fundamental 
property,  an  infinite  variety  of  others  follow  by  steps  of  reasoning  mere  or 
less  numerous,  but  all  necessarily  arising  one  out  of  another.  To  give  an 
instance ; it  is  proved  by  geometrical  reasoning,  that  if  from  the  two  ends 
of  any  diameter  of  the  circle  you  draw  two  lines  to  meet  in  any  one  point 
of  the  circle  whatever,  those  lines  are  perpendicular  to  each  other. 

Another  property,  and  a most  useful  one,  is,  that  the  sizes,  or  areas,  of 
•11  circles  whatever,  from  the  greatest  to  the  smallest,  from  the  sun  to  a 
watch-dial-plate,  are  in  exact  proportion  to  the  squares  of  their  distances 
from  the  centre  ; that  is,  the  squares  of  the  strings  they  are  drawn  with  ■ 
so  thatif  ya»dsMM»«iMl»asMs-»-al*ia|y  h Cset  long,  and  another  with  a 
string  10  feet  long,  the  large  circle  is  four  times  the  size  of  the  small  one, 
as  far  as  the  space  or  area  inclosed  is  concerned ; the  square  of  10  or  100 
being  four  times  the  square  of  5 or  25.  But  it  is  also  true,  that  the 
lengths  of  the  circumferences  themselves,  the  number  of  feet  over  which 
the  ends  of  the  strings  move,  are  in  proportion  to  the  lengths  of  the  strings  ; 
so  that  the  curve  of  the  larger  circle  is  only  twice  the  length  of  the  curve  of 
lesser. 

But  the  circle  is  only  one  of  an  infinite  variety  ot  curves,  all  having  a 
regular  formation  and  fixed  properties.  The  oval  or  ellipse  is,  perhaps, 
next  to  the  circle,  the  most  familiar  to  us,  although  we  more  frequently 
see  another  curve,  the  line  formed  by  the  motion  of  bodies  thrown  forward. 
When  you  drop  a stone,  or  throw  it  straight  up,  it  goes  in  a straight  line  ; 
when  you  throw  it  forward,  H goes  in  a curve  line  till  it  reaches  the  ground  ; 
as  you  may  see  by  the  figure  in  which  water  runs  when  forced  out  of  a 
pump,  or  from  a fire-pipe,  or  from  the  spout  of  a kettle  or  tea-pot.  The 
line  it  moves  in  is  called  a parabola ; every  point  of  which  bears  a 
certain  fixed  relation  to  a certain  point  within  it,  as  the  circle  does  to  its 
centre.  Geometry  teaches  various  properties  of  this  curve  : for  example, 
if  the  direction  in  which  the  stone  is  thrown,  or  the  bullet  fired,  or  the 
water  spouted,  be  half  the  perpendicular  to  the  ground,  that  is,  half  way 
between  being  level  with  the  ground  and  being  upright,  the  curve  will 
come  to  the  ground  at  a greater  distance  than  if  any  otlier  direction  what- 
ever were  given,  with  the  same  force.  So  that  to  make  the  gun  carry 
farthest,  or  the  fire-pipe  play  to  the  greatest  distance,  they  must  be  pointed, 
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KM,  a»  ytt  (oppose,  level  or  point  blank,  but  about  half  way  be 
tween  that  direction  and  the  perpendicular.  If  the  air  did  not  resist,  and 
80  somewhat  disturb  the  calculation,  the  direction  to  give  the  longest  range 
ought  to  be  exactly  half  perpendicular. 

The  oval,  or  dlipte,  is  drawn  by  taking  a string  of  any  certain  length, 
and  fixing,  not  one  end  as  in  drawing  the  circle,  but  both  ends  to  different 
points,  and  then  carrying  a point  round  inside  the  string,  always  keeping 
it  stretched  as  far  as  possible.  It  is  plain,  that  this  figure  is  as  regularly 
drawn  as  the  circle,  though  it  is  very  different  from  it ; and  you  perceive 
that  every  point  of  its  curve  must  be  so  placed,  that  the  straight  lines 
drawn  from  it  to  the  two  points  where  the  string  was  fixed,  are,  when 
added  together,  always  the  same ; for  they  make  together  the  length  of 
the  string. 

Among  various  properties  belonging  to  this  curve,  in  relation  to  the 
straight  lines  drawn  within  it,  is  one  which  gives  rise  to  the  construction 
of  the  irammelt,  or  elliptic  compasses,  used  for  making  figures  and  orna- 
ments of  this  form ; and  also  to  the  construction  of  lathes  for  turning 
oval  frames,  and  the  like. 

If  you  wish  at  once  to  see  these  three  curves,  fake  a pointed  sugar-loaf, 
and  cut  it  any  where  clean  through  in  a direction  parallel  to  its  base  or 
bottom  ; the  outline  or  edge  of  the  loaf  where  it  is  cut  will  be  a circle.  If 
the  cut  is  made  so  as  to  slant,  and  not  be  parallel  to  the  base  of  the  loaf, 
the  outline  is  an  eUipee,  provided  the  cut  goes  quite  through  the  sides  of 
the  loaf  all  round,  or  is  in  such  a direction  that  it  would  pass  through  the 
sides  of  the  loaf  were  they  extended  ; but  if  it  goes  slanting  and  parallel 
to  the  line  of  the  loaf’s  side,  the  outline  is  a parabola;  and  if  you  cut  in 
any  direction,  not  through  the  sides  all  round,  but  through  the  sides  and 
base,  and  not  parallel  to  the  line  of  the  side,  being  nearer  the  perpendi- 
cular, the  outline  will  be  another  curve,  of  which  we  have  not  yet  spoken, 
but  which  is  called  an  hyperbola.  You  wiU  see  another  instance  of  it,  if 
yon  take  two  plates  of  jVTass',  aiiiTIayTRcm  on  one  another;  then  put  their 
edge  in  water,  holding  them  upright  and  pressing  them  together ; the 
water,  which,  to  make  it  more  plain,  you  may  colour  with  a few  drops  of 
ink  or  strong  tea,  rises  to  a certain  height,  and  its  outline  is  this  curve ; 
xvhich,  however  much  it  may  seem  to  difler  in  form  from  a circle  or  ellipse, 
is  found  by  mathematicians  to  resemble  them  very  closely  in  many  of 
its  most  remarkable  properties. 

These  are  the  curve  lines  best  known  and  most  frequently  discussed  ; 
but  there  are  an  infinite  number  of  others  all  related  to  straight  lines  and 
other  curve  lines  by  certain  fixed  rules : for  example,  the  course  which 
any  point  in  the  circumference  of  a circle,  as  a nail  in  the  felly  of  a 
wheel  rolling  along,  takes  through  the  aii,  is  a curve  cailed  the  cycloid, 
which  has  many  remarkable  properties ; and  among  others,  this,  that  it 
is,  of  all  lines  possible,  the  one  in  which  any  body,  not  falling  perpendi- 
cularly, will  descend  from  one  point  to  another  the  most  quickly.  Another 
curve  often  seen  is  that  in  which  a rope  or  chain  hangs  when  supported  at 
both  ends : it  is  called  the  Catenary,  from  the  Latin  for  chain ; and  in  this 
form  some  arches  are  built.  The  form  of  a sail  filled  with  the  wind  is  the 
SH&e  curve. 

II.  l^f’EHENCE  BETWEEN  MATHEMATICAL  AND  PHT- 
a,  SICAL  TRUTHS 

You  percejve,"V  you  reflect  a little,  that  the  science  which  we  have  been 
considering,  in  both  its  branches,  has  nothing  to  do  with  matter ; that  is 


• OBJECTS,  ADVANTAGES,  AND 

to  say,  it  does  not  at  all  depend  upon  the  properties  or  even  upon  the  ex- 
istence of  any  bodies  or  substances  whatever.  The  distance  of  one  point 
or  place  from  another  is  a straight  line ; and  whatever  is  proved  to  be 
tnie  respecting  this  line,  as,  for  instance,  its  proportion  to  other  lines  of 
the  same  kind,  and  its  inclination  towards  tliem,  what  we  call  the  angles 
it  makes  with  them,  would  be  equally  true  whether  there  were  any  thing 
in  those  places,  at  those  two  points,  or  not.  So  if  you  find  the  number 
of  yards  in  a square  field,  by  measuring  one  side,  100  yards,  and  then, 
mnitipijing  that  by  itself,  which  makes  the  whole  area  10,000  square 
yards,  this  is  equally  true  whatever  the  field  is,  whether  com,  or  grass,  or 
rock,  or  water ; it  is  equally  tme  if  the  solid  part,  the  earth  or  water,  be 
removed,  for  then  it  will  be  a field  of  air  bounded  by  four  walls  or  hedges ; 
but  suppose  the  walls  or  hedges  were  removed,  and  a mark  only  left  at 
each  comer,  still  it  would  be  true  that  the  space  inclosed  or  bounded  by 
the  lines  supposed  to  be  drawn  between  the  four  marks,  was  10,000  square 
yards  in  size.  But  the  marks  need  not  be  there ; you  only  want  them 
while  measuring  one  side : if  they  were  gone,  it  would  be  equally  true  that 
the  lines  supposed  to  be  drawn  from  the  places  where  the  marks  had  been, 
inclose  10,000  square  yards  of  air.  But  if  there  were  no  air,  and  conse- 
quently a mere  void,  or  empty  space,  it  would  be  equally  tme  that  this 
space  is  of  the  size  you  had  found  it  to  be  by  measuring  the  distance  of 
one  point  from  another,  of  one  of  the  space's  comers  or  angles  from  an- 
other, and  then  multipljing  that  distance  by  itself.  In  the  same  way  it 
would  be  tme,  that,  if  the  space  were  circular,  its  size,  compared  with 
another  circular  space  of  half  its  diameter,  would  be  four  times  larger ; of 
one  third  its  diameter,  nine  times  larger,  and  of  one  fourth  sixteen  times, 
and  so  on  always  in  proportion  to  the  squares  of  tlie  diameters ; and  that 
the  length  of  the  circumference,  the  number  of  feet  or  yards  in  the  luie 
round  the  surface,  would  be  twice  the  length  of  a circle  whose  diameter  was 
one  half,  thrice  the  circumference  of  one  whose  diameter  was  one  third,  four 
times  the  circumference  of  one  whose  diameter  was  one  fourth,  and  soon,  in 
the  suriple  proj^rtldn  of  the  diameters.  Therefore,  every  property  wliich 
is  proved  to  belong  to  figures  belongs  to  them  without  the  smallest  relation 
to  bodies  or  matter  of  any  kind,  although  we  are  accustomed  only  to  see 
figures  in  connection  with  bodies ; but  all  tliose  properties  would  be 
equally  true,  if  no  such  thing  as  matter  or  bodies  existed ; and  the  same 
may  be  said  of  the  properties  of  number,  the  otlier  great  branch  of  the 
mathematics.  Wlien  we  speak  of  twice  two,  and  say  it  makes  four,  we 
affirm  this  without  thinking  of  two  horses,  or  two  balls,  or  two  trees ; but 
we  assert  it  concerning  two  of  any  thing  and  every  thing  equally.  Nay, 
this  branch  of  mathematics  may  be  said  to  apply  still  more  extensively 
than  even  the  other ; for  it  has  no  relation  to  space,  which  geometry  has ; 
and,  therefore,  it  is  applicable  to  cases  where  figure  and  size  arc  wholly 
out  of  the  question.  Thus  you  can  speak  of  two  dreams,  or  two  ideas,  or 
two  minds,  and  can  calculate  respecUng  them  just  as  you  would  respecting 
so  many  bodies ; and  the  properties  you  find  belonging  to  numbers,  will 
belong  to  those  numbers  when  applied  to  things  that  have  no  outward  or 
visible  or  perceivable  existence,  and  cannot  even  be  said  to  be  in  any  par- 
ticular place,  just  as  much  as  the  same  numbers  applied  to  actual  bodies 
which  may  be  seen  and  touched. 

It  is  quite  otherwise  with  the  science  which  we  are  now  going  to  consider. 
Natural  Phitnsopky.  This  teaches  the  nature  and  properties  of  actually 
existing  substances,  their  motions,  their  connections  with  each  other,  and 
their  influence  on  one  another.  It  is  sometimes  also  called  Physics,  from 
the  Greek  word  signifying  Nature,  though  that  word  is  more  freqtiently. 
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in  common  speech,  confined  to  one  particular  branch  of  the  ecicnce,  that 
which  treats  of  the  bodily  health. 

We  have  mentioned  one  distinction  between  Mathematics  and  Natural 
Philosophy,  that  the  former  does  not  depend  on  the  nature  and  existence 
of  bodies,  which  the  latter  entirely  does.  Another  distinction,  and  one 
closely  connected  with  this,  is,  that  the  truths  which  Mathematics  teach 
us,  are  necettarily  such, — they  are  truths  of  themselves,  and  wholly  inde- 
pendent of  facts  and  experiments, — they  depend  only  upon  reusoiiinfr ; 
and  it  is  utterly  impossible  they  should  be  otherwise  tlian  true.  Tliis  is 
the  case  with  all  the  properties  which  we  find  belong  to  numbers  and  to 
figures — 2 and  2 must  of  nectaily,  and  through  all  time,  and  in  every 
place,  be  equal  to  4 : those  numbers  must  neceuarily  be  always  divisible 
l)y  3,  without  leaving  any  remainder  over,  which  have  the  sums  of  tlie 
figures  they  consist  of  divisible  by  three ; and  circles  must  neca$arUy,  and 
fur  ever  and  ever,  be  to  one  another,  in  the  exact  proportion  of  the  squares  of 
their  diameters.  It  cannot  be  otherwise ; we  cannot  conceive  it  in  our 
minds  to  be  otherwise.  No  man  can  in  his  own  mind  suppose  to  himself 
that  2 and  2 should  ever  be  more  or  less  than  4 ; it  would  be  an  utter 
impossibility — a contradiction  in  the  very  ideas:  and  if  stated  in  words, 
those  words  would  have  no  sense.  Tlie  other  properties  of  number, 
though  nut  so  plain  at  first  sight  os  this  arc  proved  to  be  true  by  rea.son- 
iiig,  every  one  step  of  which  follows  from  tlie  step  immediately  before,  as  a 
mutter  of  course,  and  so  clearly  and  unavoidably,  that  it  cannot  be  sup- 
posed, or  even  imagined,  to  be  otherwise  : the  mind  has  no  means  of 
fancying  how  it  could  be  otherwise : the  final  conclusion  from  all  the 
steps  of  the  reasoning  or  demonstration,  os  it  is  called,  follows  in  the  same 
way  from  the  last  of  the  steps,  and  is  tlierefore  just  as  evidently  and  ne- 
cessarily true  as  the  first  step,  which  is  always  something  self-evident;  tor 
instance,  that  2 and  2 make  4,  or  that  the  whole  is  greater  than  any  of  its 
parts,  but  equal  to  all  its  parts  put  togetlicr.  It  is  through  this  kind  of 
reasoning,  step  by  step,  from  the'trttV^  plain  and  evident  things,  that  we 
arrive  at  the  knowledge  of  other  things  which  seem  at  first  not  true,  or  at 
least  not  generally  true  ; but  when  we  do  arrive  at  them,  we  perceive  that 
they  are  just  as  true,  and  for  the  same  reasons,  as  the  first  and  most  ob- 
vious matters  ; that  their  truth  is  absolute  and  necessary,  and  that  it  would 
be  as  absurd  and  self-contradictory  to  suppose  they  ever  could,  under  any 
circumstances,  be  not  true,  as  to  suppose  that  2 added  to  2 could  ever 
makes,  or  5,  or  100,  or  anything  but  4 ; or,  which  is  the  same  thing,  tliat 
4 should  ever  be  equal  to  3,  or  5,  or  100,  or  anything  but  4.  To  find  out 
these  reasonings,  to  pursue  them  to  their  consequences,  and  thereby  to 
discover  the  truths  which  are  not  immediately  evident,  is  what  science 
teaches  us : but  when  the  truth  is  once  discovered,  it  is  as  certain  and 
plain  by  the  reasoning,  as  the  first  truths  themselves  from  which  all  the 
reasoning  takes  its  rise,  on  which  it  all  depends,  and  which  retjuire  no 
]>roof,  because  they  are  self-evident  at  once,  and  must  be  assented  to  the 
instant  they  are  understood. 

But  it  is  quite  different  with  the  truths  which  Natural  Philosophy 
teaches.  All  tliesc  depend  upon  matter  of  fact ; and  that  is  learnt  by 
observation  anil  experiment,  and  never  could  be  discovered  by  reasoning 
at  all.  If  a man  were  shut  up  in  a room  with  pen,  ink,  and  paper,  he 
might  by  tliinking  discover  any  of  the  truths  in  arithmetic,  algebra,  or 
geometry  ; it  is  possible  at  least : there  would  be  nothing  absolutely  im- 
possible in  his  discovering  all  that  is  now  known  of  the.se  sciences  ; and 
if  his  memory  were  as  good  as  we  arc  siippo.sing  his  judgment  and  con- 
ception to  be,  he  might  discover  it  all  williout  pen,  ink,  and  ]>aper,  and  in 
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a dark  room.  But  we  cannot  diaeover  a ring^e  one  of  the  fundamental 
properties  of  matter  without  observing  what  goes  on  around  os,  and  trying 
experiments  upon  the  nature  and  motion  of  bodiea  Thus;  the  man  whom 
we  have  supposed  shut  up,  could  not  possibly  find  out  beyond  one  or  two 
of  the  very  first  properties  of  matter,  and  those  only  in  a very  few  cases  ; 
so  that  he  could  not  tell  if  these  were  general  properties  of  all  matter  or 
not.  He  could  tell  that  the  objeeta  he  toneh^  in  the  dark  were  hard 
and  resisted  his  touch  ; that  they  were  extended  and  were  solid  : that  is, 
that  they  had  three  dimensions,  length,  breadth,  and  thickness.  He  might 
guess  that  other  things  existed  beside  those  be  felt,  and  that  those  other 
things  resembled  what  he  felt  in  these  properties ; but  he  could  know 
nothing  for  certain,  and  could  not  even  conjecture  much  beyond  this  very 
limited  number  of  qualities.  He  must  remain  utterly  ignorant  of  what 
really  exists  in  nature,  and  of  what  properties  matter  in  general  has. 
These  properties,  therefore,  we  learn  by  experience  ; they  are  such  as  we 
know  bodies  to  have ; they  happen  to  have  them — they  are  so  formed  by 
Divine  Providence  as  to  have  them — but  they  might  have  been  otherwise 
formed  ; the  great  Author  of  Nature  might  have  thought  fit  to  make  all 
bodies  different  in  every  respect.  We  see  thirt  a stone  dropped  from  our 
hand  falls  to  the  ground  : this  is  a fact  which  we  can  only  know  by  expe- 
rience ; before  observing  it,  we  could  not  have  guessed  it,  and  it  is  quite 
conceivable  that  it  should  be  otherwise  : for  instance,  that  when  we  remove 
our  hand  from  the  liody  it  should  stand  still  in  the  air ; or  fly  upward,  or 
go  forward,  or  backward,  or  sideways ; there  is  nothing  at  all  absurd, 
contradictory,  or  inconceivable  in  any  of  these  suppositions ; there  is 
nothing  impossible  in  any  of  them,  as  there  would  be  in  supposing  the  stone 
equal  to  half  of  itself,  or  double  of  itself ; or  both  falling  down  or  rising  up- 
wards at  once  ; or  going  to  the  right  and  the  left  at  one  and  the  same 
time.  Our  only  reason  for  not  at  once  thinking  it  quite  conceivable  that 
the  stone  should  stand  still  in  the  air,  or  fly  upwards,  is,  that  we  have  never 
seen  it  do  so,  and  have  become  accustomed  to  see  it  do  otherwise.  But 
for  that,  we  should  at  once  think  It  as  natural  that  the  stone  should  fly  up- 
wards or  stand  still,  as  that  K should  fall  down.  But  no  degree  of  reflec- 
tion for  any  length  of  time  could  accustom  us  to  think  8 and  2 equal  to 
anything  but  4,  or  to  believe  the  whole  of  anything  equal  to  a part  of  itself. 

After  we  have  once,  by  observation  or  experiment,  ascertained  certain 
things  to  exist  in  fact,  we  may  then  reason  upon  them  by  means  Of  the 
mathematics  ; that  is,  we  may  apply  mathematics  to  our  experimental 
philosophy,  and  then  such  reasoning  becomes  absolutely  certain,  taking 
the  fundamental  facts  for  granted.  Thus,  if  we  find  that  a stone  falls  in 
one  direction  when  dropped,  and  we  further  observe  the  pecuHar  way  in 
which  it  falls,  that  is,  quicker  and  quicker  every  instant  till  it  reaches  the 
ground,  we  learn  the  rule  or  the  proportion  by  which  the  quickness  goes 
on  increasing  ; and  we  further  find,  that  if  the  same  stone  is  pushed  for- 
ward on  a tabic,  it  moves  in  the  direction  of  the  push,  till  it  is  either 
stopped  by  something,  or  comes  to  a pause,  by  rubbing  agpiinst  the  table 
and  being  hindered  by  the  air.  These  are  facts  which  we  learn  by  observ- 
ing and  trying,  and  they  might  all  have  been  different  if  matter  and  mo- 
tion had  been  otherwise  constituted ; but  supposing  them  to  be  as  they 
are,  and  as  we  find  them,  we  can,  by  reasoning  mathematically  from  them, 
find  out  many  most  curious  and  important  truths  depending  upon  those 
facts,  and  depending  upon  them  not  accidentally,  but  of  necessity.  For 
example,  we  can  fond  in  what  course  the  stone  will  move,  if,  instead  of 
being  dropped  to  the  ground,  it  is  thrown  forward  : it  will  go  in  the  curve 
already  mentioned,  the  parabola,  somewhat  altered  by  the  resistance  of 
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the  air,  and  K will  ran  thron^h  that  curve  in  a peculiar  way,  so  that  there 
will  always  be  a certain  proportion  between  the  time  it  takes  and  the 
space  it  moves  throofth,  and  the  time  it  would  have  taken,  and  the  space 
it  would  have  moved  through  had  it  dropped  from  the  hand  in  a straight 
line  to  the  g^und.  So  we  can  prove,  in  like  manner,  what  we  before 
stated  of  the  relation  between  the  distance  at  which  it  will  come  to  the 
ground,  and  the  direction  H is  thrown  in  ; the  distance  being  greatest  of 
all  when  the  direction  is  half  way  between  the  level  or  horizontal  and  tiie 
upright  or  perpendicular.  These  are  mathematical  truths,  derived  by 
mathematical  reasoning  upon  physical  grounds  ; that  is,  upon  matter  of 
fact  found  to  exist  by  actual  observation  and  experiment.  The  result, 
therefore,  is  necessarily  true,  and  proved  to  be  so  by  reasoning  only,  pro- 
vided we  have  once  ascertained  the  facts  ; but,  taken  altogether,  the  result 
depends  partly  on  the  facts  learned  by  experiment  or  experience,  partly 
on  the  reasoning  from  these  fiMts.  Thus  it  is  found  to  be  true  by  reason- 
ing, and  necessarily  true,  that  if  the  stone  falls  in  a certain  way  when 
unsupported.  It  must,  when  thrown  forward,  go  in  the  curve  called  a pa 
rabola,  provided  there  be  no  air  to  resist : this  is  a necessary  or  mathema- 
tical truth,  and  it  cannot  possibly  be  otherwise.  But  when  we  state  the 
matter  without  any  supposition, — without  any  “ if,” — and  say,  a stone 
thrown  forward  goes  in  a curve  called  a parabola,  we  state  a truth,  partly 
fact,  and  partly  drawn  from  reasoning  on  the  fact ; and  it  might  be  other- 
wise if  the  nature  of  things  were  diflkrent.  It  is  called  a proposition  or 
truth  in  Natural  Philosophy ; and  as  it  is  discovered  and  proved  by  ma- 
thematical reasoning  upon  facts  in  nature,  it  is  sometimes  called  a propo- 
•ition  or  truth  in  the  Mixed  MatHematica,  so  named  in  contradistinction  to 
the  Pure  Malhematiea,  Which  are  employed  in  reasoning  upon  figures  and 
numbers.  The  man  in  the  dark  room  could  never  discover  this  truth 
unless  he  bad  been  first  infonried,  by  those  Who  had  observed  the  fact,  in 
what  way  the  stone  falls  when  unsupported,  and  moves  along  the  table 
when  pu^ed.  These MiftfgS  Nd  never  could  have  found  out  by  reasoning; 
they  are  facts,  and  he  could  only  reason  from  them  alter  learning  them  by 
his  own  experience,  or  taking  them  on  the  credit  of  other  people’s  experi- 
ence. But  having  once  so  learnt  them,  he  could  discover  by  reasoning 
merely,  and  with  as  much  certainty  as  if  he  lived  in  dayliglit,  and  saw 
and  felt  the  moving  body,  that  the  motion  is  in  a parabola,  and  governed 
by  certain  rules.  As  experiment  and  observation  are  the  great  sources 
of  our  knowledge  of  Nature,  and  as  the  judicious  and  careful  making  of 
experiments  is  the  only  way  by  which  her  secrets  can  be  known.  Natural 
and  Experimental  Philosophy  mean  one  and  the  same  thing ; mathema- 
tical reasoning  being  applied  to  certain  branches  of  it,  particularly  those 
which  relate  to  motion  and  pressure. 

III.  NATURAL  OR  EXPERIMENTAL  SCIENCE. 
Natukal  Prilobophy,  in  Us  most  extensive  sense,  has  for  its  province 
the  inve.stigation  of  the  laws  of  matter,  that  is,  the  properties  and  the 
motions  of  matter ; and  it  may  be  divided  into  two  great  branches 
The  first  and  must  important  (which  is  sometimes,  on  that  account, 
called  Natural  Philotophy,  by  way  of  distinction,  but  more  properly 
Mechamcal  Philotophy)  investigates  the  sensible  motions  of  bodies. 
The  teotwd  investigates  the  constitution  and  qualities  of  all  bodies, 
and  has  Tarings  names,  according  to  its  different  objects.  It  is  called 
Chemittry,  if  H.  leaches  the  properties  of  bodies  with  respect  to  heat, 
mixture  with  otMlWpolhcr,  weight,  taste,  wpearance,  and  so  forth  : Ana- 
tomy and  Animal  PAfaMagy,  (from  the  Graek  word  signifying  to  tpeak  of 
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the  nature  of  any  thin^,)  if  it  teaches  the  structure  and  functions  of  living 
bodies,  especially  the  human  ; for,  when  it  shows  those  of  other  animals, 
we  term  it  Comparative  Anatomy  ; Medicine,  if  it  teaches  the  nature  of 
diseases,  and  the  means  of  preventing  them  and  of  restoring  health; 
Zoology,  (from  the  Greek  word  signifying  to  tpeak  of  anitnaU,)  if  it 
teaches  the  arrangement  or  classification  and  the  habits  of  the  different 
lower  animals ; Botany,  (from  the  Greek  word  for  herbage,)  including 
VegetahU  Phytiology,  if  it  teaches  the  arrangement  or  classification,  the 
structure  and  habits  of  plants ; Mineralogy,  including  Geology,  (from  the 
Greek  words  meaning  to  apeak  of  the  earth,)  if  it  teaches  the  arrangement 
of  minerals,  the  structure  of  the  masses  in  which  they  are  found,  and  of 
the  earth  composed  of  those  masses.  The  term  Natural  Hittory  is  given 
to  the  three  last  branches  taken  together,  but  chiefly  as  far  as  they  teach 
the  classification  of  diflerent  things,  or  the  observation  of  tlie  resemblances 
and  diflhrences  of  the  various  animals,  plants,  and  inanimate  and  ungrow- 
ing substances  in  nature. 

But  here  we  may  make  two  general  observations.  The is,  that 
every  such  distribution  of  the  sciences  is  necessarily  imperfect ; for  one 
runs  unavoidably  into  another.  Thus,  Chemistry  shows  the  qualities  of 
plants  with  relation  to  other  substances,  and  to  each  other  ; and  Botany 
does  not  overlook  those  same  qualities,  though  its  chief  object  be  arrange- 
ment. So  Mineralogy,  though  principally  conversant  with  classifying 
metals  and  earth,  yet  regards  also  their  qualities  in  respect  of  heat  and 
mixture.  So  too.  Zoology,  beside  arranging  animals,  describes  their 
structures  like  Comparative  Anatomy.  In  truth,  all  arrangement  and 
classifying  depends  upon  noting  the  things  in  which  the  objects  agree 
and  difler ; and  among  those  things  in  which  animals,  plants,  and  mine- 
rals agree  or  differ,  must  be  considered  the  anatomical  qualities  of  the  one, 
and  the  chemical  qualities  of  the  other.  From  hence,  in  a great  measure, 
follows  the  second  observation,  namely,  that  the  sciences  mutually  assist 
each  other.  We  have  seen  how  Arithmetic  and  Algebra  aid  Geometry, 
and  how  both  the  purely  Mathematical  Sciences  aid  Mechanical  Philo- 
sophy. Mechanical  philosophy,  in  like  manner,  assists,  though,  in  the  pre- 
sent state  of  our  knowledge,  not  very  considerably,  both  Chemistry  and 
Anatomy,  especially  the  latter ; and  Chemistry  very  greatly  assists  both 
Physiology,  Medicine,  and  all  the  branches  of  Naturid  History. 

The  first  great  head,  then,  of  Natural  Science,  is  Mechanical  Philosophy ; 
and  it  consists  of  various  subdivisions,  each  forming  a science  of  great 
importance.  The  most  essential  of  these,  and  which  is  indeed  fundamen- 
tal, and  applicable  to  all  the  rest,  is  called  Dynamics,  from  the  Greek 
word  signifying  pouxT  at  force,  and  it  teaches  the  laws  of  motion  in  all 
its  varieties.  The  case  of  the  stone  thrown  forward,  which  we  have  al- 
ready mentioned  more  than  once,  is  an  example.  Another,  of  a more  gene- 
ral nature,  but  more  difficult  to  trace,  far  more  important  in  its  conse- 
quences, and  of  which,  indeed,  the  former  is  only  one  particular  case, 
relates  to  the  motions  of  all  bodies,  which  are  attracted  (or  influenced,  or 
drawn)  by  any  power  towards  a certain  point,  while  they  are,  at  the  same 
time,  driven  forward,  by  some  push  given  to  them  at  first,  and  forcing 
them  onward.s  at  the  same  time  that  they  are  drawn  towards  the  point.  The 
line  in  which  a body  moves  while  so  drawn  and  so  driven,  depends  upon  the 
force  it  is  pushed  with,  the  direction  it  is  pushed  in,  and  the  kind  of  power  that 
draws  it  towards  the  point ; but,  at  present,  we  are  chiefly  to  regard  the 
latter  circumstance,  the  attraction  towards  the  point.  If  this  attraction 
be  uniform,  that  is,  the  .same  at  all  distances  from  the  point,  the  body  will 
move  in  a circle,  if  one  direction  be  gpven  to  the  forward  push.  The  case  with 
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which  we  are  best  acquainted  is  when  the  force  decreases  as  tlie  squares  of 
the  distances,  from  the  centre  or  point  of  attraction,  increase  ; that  is,  when 
the  force  is  four  times  less  at  twrice  the  distance,  nine  times  less  at  thrice  the 
distance,  sixteen  times  less  at  four  times  the  distance,  and  so  on.  A force 
of  this  kind  acting  on  the  body,  will  make  it  move  in  an  oval,  a parabola, 
or  an  hyperbola,  according  to  the  amount  or  direction  of  the  impulse,  or 
forward  push,  originally  given  ; and  there  is  one  proportion  of  that  force, 
which,  if  directed  perpendicularly  to  the  line  in  which  the  central  force 
draws  the  body,  will  make  it  move  round  in  a circle,  as  if  it  were  a stone 
tied  to  a string  and  whirled  round  the  hand.  The  most  usual  propor- 
tions in  nature,  are  those  which  determine  bodies  to  move  in  an  oval  nr 
ellipse,  the  curve  described  by  means  of  a cord  fixed  at  both  ends,  in  the 
way  already  explained.  In  this  case,  the  point  of  attraction,  the  point 
towards  which  the  body  is  drawn,  will  be  nearer  one  end  of  the  ellipse 
than  the  other,  and  the  time  the  body  will  take  to  go  round,  compared 
with  the  time  any  other  body  would  take,  moving  at  a different  distance 
from  the  same  point  of  attraction,  but  drawn  towaids  that  point  with  a force 
which  bears  the  same  proportion  to  the  distance,  will  bear  a certain  propor 
tion,  discovered  by  mathematicians,  to  the  average  distances  of  the  two 
bodies  from  the  point  of  common  attraction.  If  you  multiply  the  numbers 
expretising  the  times  of  going  round,  each  by. itself,  the  products  will  be 
to  one  another  in  the  proportion  of  the  average  distances  multiplied  each 
by  itself,  and  that  product  again  by  the  distance.  Thus,  if  one  body 
t^e  two  hours,  and  is  five  yards  distant,  the  other,  being  ten  yards  off, 
will  take  something  less  than  five  hours  and  forty  minutes  *, 

Now,  this  is  one  of  the  most  important  truths  in  the  whole  compass  of 
science,  for  it  does  so  happen,  that  the  force  with  which  bodies  fall  to- 
wards the  earth,  or  what  is  called  their  gravity,  the  power  that  draws  or 
attracts  them  towards  die  eardi,  varies  with  the  distance  from  the  Earth’s 
centre,  exactly  in  the  proportion  of  the  squares,  lessening  as  the  ilistance 
increases  : at  two  diameters  from  the  Earth's  centre,  it  is  four  times  less 
than  at  one  ; at  three  diameters,  nine  times  less  ; and  so  forth.  It  goes 
on  lessening,  but  never  is  destroyed,  even  at  the  .greatest  distances  to 
which  we  can  reach  by  our  observations,  and  there  can  be  no  doubt  of  its 
extending  indefinitely  beyond.  But  by  astronomical  observations  made 
upon  the  motion  of  the  heavenly  bodies  upon  that  of  the  moon  for  in- 
stance, it  is  proved  that  her  movement  is  slower  and  quicker  at  dillereut 
parts  of  her  course,  in  the  same  manner  as  a body’s  motion  on  the  earth 
would  be  slower  and  quicker,  according  to  its  distance  from  the  point  it 
was  drawn  towards  provided  it  was  drawn  by  a force  acting  in  the  propor- 
't  tion  to  the  squares  of  the  distance,  which  we  have  frequently  mentioned ; 

and  the  proportion  of  the  time  to  the  distance  is  also  observed  to  agree 
with  the  rule  above  referred  to.  Therefore,  she  is  shown  to  be  attracted 
towards  the  Earth  by  a force  that  varies  according  to  the  same  proportion 
in  which  gravity  varies ; and  she  must  consequently  move  in  an  ellipse 
round  the  Earth,  which  is  placed  in  a point  nearer  the  one  end  than  the 
other  of  that  curve.  In  like  manner,  it  is  shown  that  tlie  Earth  moves 
round  the  Sun  in  the  same  curve  line,  and  is  drawn  towards  the  Sun  by 
a similar  force ; and  that  all  the  other  planets  in  their  courses,  at  various 
distances,  follow  the  same  rule,  moving  in  ellipses,  and  drawn  towards  the 
Son  by  the  same  kind  of  power.  Three  of  them  have  moons  like  the 
Earth,  only  more  numerous,  for  Jupiter  has  four,  Saturn  seven,  and 

* This  is  expntsed  nuthemt6caliy  by  ssyiag,  thst  the  squares  of  the  times  are  as  the 
cubes  of  the  disUncee,  Mathematical  laugua^  is  not  only  the  sunplest  and  most  easily  un- 
derstood of  any,  but  thn  shortest  also. 
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Hersebel  six  so  very  distant,  that  we  cannot  see  them  without  the  help  of 
glasses  ; but  all  those  moons  move  round  their  principal  planets,  aa.ours 
does  round  the  Earth,  in  ovals  or  ellipses ; while  the  planets,  with  their 
moons,  move  in  their  ovals  round  the  Sun,  like  our  own  Earth  with  its 
moon. 

Bu  this  power,  which  draws  them  all  towards  the  Sun,  and  regulates 
their  path  and  their  motion  round  him,  and  which  draws  the  moons  to- 
wards the  principal  planets,  and  regulates  their  motion  and  path  round 
those  planets,  is  the  same  with  the  gravity  by  which  bodies  fall  towards 
the  earth,  being  attracted  by  it  Therefore,  the  whole  of  the  heavenly 
bodies  are  kept  in  their  places,  and  wheel  round  the  Sun,  by  the  same 
influence  or  power  that  makes  a stone  fall  to  the  ground. 

It  is  usual  to  call  the  Sun,  and  the  planets  which  with  their  moons 
move  round  him,  (eleven  in  number,  including  the  four  lately  discovered 
and  the  one  discovered  by  Herscbeb)  the  Solar  Syttem ; because  they 
are  a class  of  the  heavenly  bodies  far  apart  from  the  innumerable  Fixed 
Stars,  and  so  near  each  odier,  as  to  exert  a perceptible  influence  on  one 
another,  and  thus  to  be  connected  together. 

The  Comet*  belong  to  the  same  system,  according  to  Uns  manner  of 
viewing  the  subject.  They  are  bodies  which  move  in  elliptical  paths, 
but  far  longer  and  narrower  than  the  curves  in  which  the  Earth  and  the 
other  planets  and  their  moons  roll.  Our  curves  are  not  much  less  round 
than  circles ; the  paths  of  the  comets  are  long  and  narrow,  so  as,  in  many 
places,  to  be  more  nearly  straight  lines  tlian  circles.  They  difier  from  the 
planets  and  their  moons  in  another  respect;  they  do  not  depend  on  the 
Sun  for  the  light  they  give,  as  our  Moon  plainly  does,  being  dark  when 
the  Eartli  comes  between  her  and  the  Sun ; and  as  the  other  planets  do, 
those  of  them  that  are  nearer  the  Sun  than  we  are,  being  dark  when  they 
come  between  us  and  him,  appearing  to  pass  across  his  surface.  But  the 
comets  give  light  always  of  themselves,  being  apparently  vast  bodies 
heated  red-hot  by  coming  in  their  course  far  nearer  the  Sun  than  the 
nearest  of  the  plamits  ewer  do.  llteir  motion,  when  near  the  Sun,  is 
much  more  rapid  than  that  of  the  planets ; they  both  approach  him  much 
nearer,  retreat  from  him  to  much  greater  distances,  and  take  much  longer 
time  n going  round  him  than  any  of  the  planets  do.  Yet  even  these 
comets  ere  subject  to  the  same  great  law  of  gravitation,  which  regulates 
tile  motions  of  the  planets.  Their  year,  the  time  they  take  to  revolve,  is 
in  some  cases  75,  in  others  135,  in  others  300  of  our  years;  their  dis- 
tance is  a hundred  times  our  distance  when  farthest  ofl*,  and  not  a hundred 
and  sixtieth  of  our  distance  when  nearest  the  Sun ; their  swiftest  motion 
is  above  twelve  times  svrifler  than  ours,  although  ours  is  a hundred  and 
forty  times  swifter  than  a cannon  ball’s;  yet  their  path  is  a curve  of  the 
same  kind  with  ours,  though  longer  and  flatter,  differing  in  its  formation 
only  as  one  oval  differs  from  another  by  the  string  you  draw  it  with  hav- 
ing the  ends  flxed  at  two  points  more  distant  from  each  other ; conse- 
quently the  Sun,  being  in  one  of  those  points,  is  much  nearer  the  end  of 
the  path  the  comet  moves  in,  than  be  is  near  the  end  of  our  path.  Their 
motion,  too,  follows  the  same  rule,  being  swifter  the  nearer  Uie  Sun : the 
attraction  of  the  Sun  for  them  varies  according  to  the  squares  of  the  dis- 
tances, being  four  times  less  at  twice  the  distance,  nine  times  less  at 
thrice,  and  so  on ; and  the  proportion  between  the  times  of  revolving  and 
the  distances  is  exactly  tlie  same,  in  the  case  of  those  remote  bodies,  as 
in  that  of  the  Moon  and  the  Earth.  One  law  prevails  over  all,  and  regu- 
lates their  niotions  as  well  as  our  omi ; it  is  the  gravity  of  tlie  comets 
towards  the  Sun,  and  they,  like  our  own  Earth  and  Moon,  wheel  round 
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him  in  bouncllest  space,  drawn  by  the  same  force,  acting  by  the  same 
rule,  which  makes  a stone  fall  when  dropped  from  the  hand. 

The  more  full  and  accurate  our  observations  are  upon  tliose  heavenly 
bodies,  the  better  we  find  ail  their  motions  agreeing  with  this  great  doc- 
trine ; although,  no  doubt,  many  things  are  to  be  taken  into  the  account 
beside  the  force  that  draws  them  to  the  different  centres.  Thus,  while 
the  Moon  is  drawn  by  the  Earth,  and  the  Earth  by  the  Sun,  the  Moon  is 
also  drawn  directly  by  the  Sun  ; and  while  Jupiter  is  drawn  by  the  Sun, 
so  are  his  moons ; and  both  Jupiter  and  his  moons  are  drawn  by  Saturn : 
nay,  os  this  power  of  gravitation  is  quite  universal,  and  as  no  body  can 
attract  or  draw  another  without  being  itself  drawn  by  that  other,  the  Earth 
is  drawn  by  the  Moon,  while  the  Moon  is  drawn  by  the  Eartli ; and  the 
Snu  is  attracted  by  the  planets  which  he  draws  towards  himself.  Hiese 
mutual  attractions  give  rise  to  many  deviations  from  the  simple  line  of 
tile  ellipse,  and  produce  many  irregularities  in  the  simple  calculation  of 
the  times  and  motions  of  the  bodies  tliat  compose  the  System  of  the  Uni- 
verse. But  the  extraordinusy  powers  of  investigation  applied  to  the  sub- 
ject by  the  modcni  improvements  in  Mathematics,  have  enabled  ns  at 
length  to  reduce  even  the  greatset  of  the  irregularities  to  order  and  sys- 
tem ; and  to  unfold  one  of  the  must  wonderful  truths  in  all  science,  namely, 
that  by  certain  necessary  con.scqnences  of  the  simple  fact  upon  which  tlie 
whole  fabric  rests,. — ^the  proportion  of  the  attractive  force  to  the  distances 
at  which  it  operates, — all  the  irregularities  which  at  first  seemed  to  dis- 
turb the  order  of  the  system,  and  to  make  the  appearances  depart  from 
the  doctrine,  are  themselves  suited  to  a certain  fixed  rule,  and  can  never 
go  beyond  a particular  point,  but  must  begin  to  lessen  when  they  have 
slowly  reached  that  point,  and  must  then  lessen  until  they  reach  another 
point,  when  they  begin  again  to  increase;  and  so  on  for  ever.  Nay,  so 
perfect  is  the  arrangement  of  the  whole  system,  and  so  accurately  does  it 
depend  upon  mathematical  principles,  that  irregularities,  or  rather  apparent 
deviations,  have  been  discovered  by  mathematical  reasoning  before  astro- 
nomers had  observerl  them,  and  then  their  existence  has  been  ascertained 
by  observation,  and  found  to  agree  precisely  witli  the  results  of  calcu- 
lation*. Thus,  the  planets  move  in  ovals,  from  gravity,  the  power  that 
attracts  them  towards  the  Sun,  combined  with  the  original  impulse  they 
received  forwards ; and  the  disturbing  forces  are  continually  varying  the 
course  of  the  curves  or  ovals,  making  them  bulge  out  in  the  middle,  as  it 
were,  on  the  sides,  though  in  a very  small  proportion  to  the  whole  length 
of  the  ellipse.  The  oval  thus  bulging,  its  breadth  increases  by  a very 
small  quantity  yearly  and  daily;  and  after  a certain  large  number  of  years, 
the  bulging  becomes  as  great  as  it  ever  can  be : then  the  alteration  takes 
a contrary  direction,  and  the  curve  gradually  flattens  as  it  had  bulgeil ; 
till,  in  the  same  number  of  years  which  it  took  to  bulge,  it  becomes  as  flat 
as  it  ever  can  be,  and  then  it  begins  to  bulge  again,  and  so  on  for  ever. 

And  so,  too,  of  every  other  disturbance  and  irregularity  in  the  system ; 
what  at  first  appears  to  be  some  departure  from  the  rule,  when  more  fully 

* The  application  of  Malhematica  to  Chentstry  ho*  already  produced  a i^reat  change  in 
that  science,  and  is  calculated  to  produce  still  greater  improvements.  It  may  be  almost 
certainly  reckoned  upon  as  the  source  of  new  discoveries,  made  by  induction  alter  the  ma- 
Ibemalical  reasoning  has  given  the  suggestion.  The  learned  reader  will  perceive  that  wo 
allude  to  the  beautiful  doctrine  of  ihJiHUe  or  Muiiifile  Proportions.  To  take  an  exsoiple  ; 
the  probability  of  an  oxida  of  arsenic  being  discovered  is  impressed  upon  us,  by  the  cum- 
positioo  of  asacnious  and  arsenic  acids,  in  which  the  axygen  is  as  ‘2  to  3 ; and  tltercfbre  we 
may  expect^  to  find  a compound  of  tha  same  base,  with  the  oxygen  as  unity.  The  extrn- 
ordinary  action  of  chlorine  and  its  compounds  on  light  leads  us  to  expect  some  further  dis- 
covery respecung  its  compositian,  perlapa  respecting  the  matter  of  light. 
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examined,  turns  out  to  be  only  a consequence  of  it,  or  the  result  of  a more 
general  arrangement  springing  from  the  principle  of  Gravitation ; an 
arrangement  of  which  the  rule  itself,  and  the  apparent  or  supposed  ex- 
ception, both  form  parts. 

The  power  of  Gravitation,  which  thus  regulates  the  whole  system  of 
the  universe,  is  found  to  rule  each  member  or  branch  of  it  separately. 
Thus,  it  is  demonstrated  that  the  Tides  of  the  ocean  are  caused  by  the  gra- 
vitation which  attracts  the  water  towards  the  Sun  and  Moon ; and  the 
figure  both  of  our  Earth  and  of  such  of  the  other  bodies  as  have  a spin- 
ning motion  round  their  axis,  is  determined  by  gravitation  combined  with 
that  motion ; they  are  all  flattened  towards  the  ends  of  the  axis  they  spin 
upon,  and  bulge  out  towards  the  middle. 

The  great  discoverer  of  the  principle  on  which  all  these  truths  rest. 
Sir  Isaac  Newton,  certainly  by  far  the  most  extraordinary  man  that  ever 
lived,  concluded,  by  reasoning  upon  the  nature  of  motion  and  matter,  that 
this  flattening  must  take  place  in  our  globe : every  one  before  his  time 
had  believed  the  Earth  to  be  a perfect  spheae  or  globe,  chiefly  from  ob- 
serving the  round  shadow  which  it  casts  on  the  moon  in  eclipses ; and  it 
was  many  years  after  his  death  that  the  accuracy  of  his  opinion  was  proved 
by  measurements  on  the  Earth’s  surface,  and  by  the  ditferent  weight 
and  attraction  of  bodies  at  the  equator,  where  it  bulges,  and  at  the  poles, 
where  it  is  flattened.  The  improvement  of  telescopes  has  enabled  us  to 
ascertain  the  same  fact  with  respect  to  the  planets  Jupiter  and  Saturn. 

Beside  unfolding  the  general  laws  which  regulate  the  motions  and 
figures  of  the  heavenly  bodies  forming  our  Solar  System,  Astronomy  con- 
sists in  calculations  of  the  planes,  times,  and  eclipses  of  those  bodies, 
and  their  moons  or  satellites,  (from  a Latin  word,  signifying  an  allendant,) 
and  in  observations  of  the  Fixed  Stars,  which  are  innumerable  assem- 
blages of  bodies,  not  moving  round  the  Sun  as  our  Earth  and  the  other 
planets  do,  nor  receiving  the  light  tliey  shine  with  from  his  light : but 
shining  as  the  Sun  and  the  Ck>mets  do,  with  a light  of  their  own,  and 
placed,  to  all  appearance,  immoveable,  at  immense  distances  from  our 
world,  that  is,  from  our  Solar  System.  Each  of  them  is  probably  the  sun 
of  some  other  system  like  our  own,  composed  of  planets  and  their  moons 
or  satellites ; but  so  extremely  distant  from  us,  that  they  all  arc  seen  by 
us  like  one  point  of  faint  light,  as  you  see  two  lamps,  placed  a few  inches 
asunder,  only  like  one,  when  you  view  them  a great  way  off.  The  number 
of  the  Fixed  Stars  is  prodigious : even  to  the  naked  eye  they  are  very 
numerous,  about  3000  being  thus  visible ; but  when  the  heavens  are 
viewed  through  the  telescope,  stars  become  visible  in  numbers  wholly  in- 
calculable : 2000  arc  discovered  in  one  of  the  small  collections  of  a few 
visible  stars  called  Conslellations ; nay,  what  appears  to  the  naked  eye 
only  a light  cloud,  as  the  Milky  IVay,  when  viewed  through  the  telescope, 
proves  to  be  an  assemblage  of  innumerable  Fixed  Stars,  each  of  tbcm  in 
all  likelihood  a sun  and  a system  like  the  rest,  though  at  an  immeasurable 
distance  from  ours. 

The  size,  and  motions,  and  distances  of  the  heavenly  bodies  are  such 
as  to  exceed  the  power  of  ordinary  imagination,  from  any  comparison  with 
the  smaller  things  we  sec  around  us.  The  Earth’s  diameter  is  nearly 
8000  miles  in  length ; but  the  Sun’s  is  above  880,000  miles,  and  the 
bulk  of  the  Sun  is  above  1,300,000  times  greater  than  that  of  the  Earth. 
The  planet  J iipite.r,  which  looks  like  a mere  speck,  from  his  vast  distance, 
is  nearly  1300  times  larger  than  the  Earth.  Our  distance  from  the  Sun 
is  above  95  millions  of  miles;  but  Jupiter  is  490  millions,  and  Saturn 
900  millions  of  miles  distant  from  the  Sun.  ’The  rate  at  which  the  Earth 
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moves  round  the  Sun  is  68,000  miles  a:i  hour,  or  140  times  swifter  tliun 
the  motion  of  a cannon-bull ; ami  the  |>lanct  Mercury,  the  nearest  to  Uie 
Sun,  moves  still  quicker,  nearly  110,000  miles  an  hour.  We,  upon  the 
Earth’s  surface,  beside  being  carried  round  the  Sun,  move  round  the 
Earth’s  axis  by  the  rotatory  or  spinning  motion  which  it  has ; so  that 
every  24  hours  we  move  in  this  manner  near  1 4,000  miles,  beside  moving 
round  the  Sun  above  1,600,000  miles.  Tliese  motions  and  distances, 
however,  prodigious  as  they  are,  seem  as  nothing  compared  to  those  of 
the  comets,  one  of  which,  when  furthest  tipm  the  Sun,  is  11,200  millions 
of  miles  from  him ; and  when  nearest  the  Sun,  flies  at  the  amazing  rate 
of  880,000  miles  an  hour.  Sir  Isaac  Newton  calculated  its  heat  at  2000 
times  that  of  red-hot  iron ; and  that  it  would  take  thousands  of  years  to 
oool.  But  the  distance  of  the  Fixed  Stars  is  yet  more  vast:  they  have 
been  supposed  to  be  400,000  limes  further  from  us  than  we  are  from  the 
Sun,  that  is,  38  millions  of  millions  of  miles  ; .so  that  a cannon-ball  would 
take  near  nine  millions  of  years  to  reach  one  of  them,  supposing  there 
was  nothing  to  hinder  it  from  pursuing  its  course  thither.  As  light  takes 
about  eight  minutes  and  a quarter  to  reach  us  from  the  Sun,  it  would  be 
above  six  years  in  coming  from  one  of  those  stars ; but  the  calculations 
of  later  astronomers  prove  some  stars  to  l>e  so  far  distant,  that  their  light 
must  take  centuries  before  it  can  reach  us;  so  that  every  particle  of  light 
which  enters  our  eyes  left  the  star  it  comes  from  three  or  four  hundred 
years  ago. 

Astronomers  have,  by  means  of  their  excellent  glasses,  aided  by  Geo- 
metry and  calculation,  been  able  to  observe  not  only  stars,  planets,  and 
their  satellites,  invisible  to  the  naked  eye,  but  to  measure  the  height  of 
mountains  in  the  Moon,  by  observations  of  the  shadows  which  those  emi- 
nences cast  on  her  surface ; and  they  have  discovereil  volcanoes,  or 
burning  mountains,  in  the  same  body. 

The  tables,  which  they  have  by  the  like  means  been  enabled  to  form  of 
the  heaveidy  motions,  are  of  great  use  in  navigation.  By  means  of  the 
eclipses  of  Jupiter’s  satellites,  and  by  tlic  tables  of  the  Moon’s  motions, 
we  can  ascertain  the  position  of  a ship  at  sea ; for  the  observation  of  the 
Sun’s  height  at  mid-day  gives  the  latUiide  of  the  place,  that  is,  its  dis- 
tance from  the  equinoctial  or  e<iualor,  the  line  passing  through  the  middle 
of  the  Earth’s  surface,  eipially  distant  from  both  jjoles ; and  these  tables, 
with  the  observations  of  the  satellites,  or  moons,  give  the  distance  east 
and  west  of  the  observatory  for  which  the  tables  are  calculated — called 
the  lungiludt  of  the  place : consccpiently,  the  mariner  can  thus  tell  nearly 
in  what  part  of  the  ocean  he  is,  how  far  he  has  sailed  from  his  port  of  de- 
parture, and  how  far  he  must  sail,  and  in  what  direction,  to  gain  the  port 
of  his  destination.  The  advantiige  of  this  knowledge  is  therefore  manil'est 
in  the  common  uflairs  of  life ; but  it  sinks  into  insignificance  compared 
with  the  vast  extent  of  those  views  which  the  contemplations  of  the  science 
afford,  of  numberless  worlds  filling  the  immensity  of  space,  and  all  kept 
in  their  places,  and  adjusted  in  their  prodigious  motions  by  the  same 
simple  principle,  under  tlie  guidance  of  an  all-wise  and  all-powcri'ul 
Creator. 

We  have  been  considering  the  application  of  Dynamics  to  the  motions 
of  llie  heavenly  bodies,  which  forms  the  science  of  Physical  Astronomy. 
The  application  of  Dynamics  to  the  calculation,  production,  and  direction 
of  motion,  forms  the  science  of  Mfchanics,  sometimes  called  Practical 
Mechanics,  to  distinguish  it  from  the  more  general  use  of  the  word,  which 
comprehends  every  thing  that  relates  to  motion  and  force.  The  funda- 
mental principle  of  the  science,  upon  which  it  mainly  depends,  flows  im- 
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mediately  from  a property  of  the  circle  already  mentioned,  and  which, 
perhaps,  appeared  at  the  moment  of  little  value, — that  the  lengths  of  cir* 
cles  are  in  proportion  to  their  diameters.  Observe  how  upon  this  simple 
truth  nearly  the  whole  of  those  contrivances  are  built  by  which  the  power 
of  man  is  increased,  as  far  as  solid  matter  assists  him  in  extending  it ; and 
nearly  the  whole  of  those  doctrines,  too,  by  which  he  is  enabled  to  explain 
the  voluntary  motions  of  animals,  as  far  as  these  depend  upon  their  own 
bodies.  There  can  be  nothing  more  instructive  in  showing  the  importance 
and  fruitfulness  of  scientific  ti^is,  however  trivial  and  forbidding  they 
may  at  first  sight  appear.  For  it  is  an  immediate  consequence  of  this 
property  of  the  circle,  tliat  if  a rod  of  iron,  or  beam  of  wood,  or  any  other 
solid  material,  be  placed  on  a point,  or  pivot,  so  that  it  may  move  as  the 
arms  of  a balance  do  round  its  centre,  or  a see-saw  board  does  round  its 
prop,  the  two  ends  will  go  through  parts  of  circles,  each  proportioned 
to  that  arm  of  the  beam  to  which  it  belongs : the  two  circles  will  be 
equal  if  the  pivot  is  in  the  centre  or  middle  point  of  the  beam ; but  if  it 
is  nearer  one  end  than  the  other,  say  three  times,  that  end  will  go  tlirough 
a circular  space,  or  arch,  three  times  shorter  than  the  circular  space  the 
other  end  goes  through  in  the  same  time.  If,  then,  the  end  of  the  long 
beam  goes  through  three  times  the  space,  it  must  move  with  three  times 
the  swiftness  of  the  short  beam’s  end,  since  both  move  in  the  same  time ; 
and  therefore  any  force  applied  to  the  long  end  must  overcome  the  re- 
sistance of  three  times  that  force  applied  at  the  o|>posite  end,  since  the 
two  ends  move  in  contrary  directions:  hence  one  pound  placed  at  the  long 
end  would  balance  three  placed  at  the  short  end.  Tlie  beam  we  have 
been  supposing  is  called  a Lever,  and  the  same  rule  must  evidently  hold 
for  all  proportions  of  the  lengths  of  its  arms.  If,  then,  the  lever  be  se- 
venteen feet  long,  and  the  pivot,  or  fulcrum,  (as  it  is  called,  from  a l.atin 
word,  signifying  support,')  be  a foot  from  one  end,  an  ounce  placed  on 
the  other  end  will  Stance  a pound  placed  on  the  near  end ; and  the  least 
additional  weight,  or  the  slightest  push  or  pressure  on  the  far  end,  so 
.oaded,  will  make  the  pound  weight  on  the  other  move  upwards.  If,  in- 
stead of  an  ounce,  we  place  upon  the  end  of  the  long  arm  the  short  arm 
of  a second  beam  or  lever  supported  by  a fulcrum,  one  foot  from  it,  and 
then  place  the  long  arm  of  this  second  lever  upon  the  short  arm  of  a third 
lever,  whose  fulcrum  is  one  foot  from  it ; and  if  we  put  on  the  end  of  this 
third  lever’s  long  arm  an  ounce  weight,  that  ounce  will  move  upwards  a 
pound  on  the  second  lever's  long  arm,  and  this  moving  upwards  will 
cause  the  short  arm  to  force  downwards  sixteen  pounds  at  the  long  end 
of  the  hrst  lever,  which  will  make  the  short  end  of  the  first  lever  move 
upwards,  though  two  hundred  and  fifty-six  pounds  be  laid  on  it : the 
same  tiling  continuing,  a pound  on  the  long  arm  of  the  third  lever  will 
move  a ton  and  three  quarters  on  the  short  arm  of  the  first  lever ; that 
is,  will  balance  it,  so  that  the  slightest  pressure  with  the  finger,  or  a touch 
from  a child's  hand,  will  move  as  much  as  two  horses  can  draw.  The 
lever  is  called,  on  this  account,  a mechanical  power;  and  there  are  five 
other  mechanical  powers,  of  most  of  which  its  properties  form  the  found- 
ation ; indeed  they  have  all  been  resolved  into  combinations  of  levers. 
The  pulley  seems  the  most  difficult  to  reduce  under  the  principle  of  the 
lever.  Tliiis  the  wheel  and  axle  is  only  a lever  moving  round  an  axle, 
and  always  retaining  the  effect  gained  during  every  part  of  the  motion,  by 
means  of  a nipe  wound  round  the  butt  end  of  the  axle  ; the  spoke  of  the 
wheel  being  the  long  arm  of  the  lever,  and  the  half  diameter  of  the  axle 
•ts  short  arm.  By  a combination  of  levers,  wheels,  pulleys,  so  great  an 
increase  of  force  is  obtained,  that,  but  for  the  obstruction  from  friction. 
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and  the  reeistance  of  the  air,  there  coaid  be  no  bounds  to  the  effect  of  the 
smallest  force  thus  multiplied;  and  to  this  fundamental  principle,  Archi- 
medes, one  of  the  most  illustrious  mathematicians  of  ancient  times,  re- 
ferred, when  he  boasted,  that  if  he  only  had  a pivot  or  fulcrum  whereon 
he  mi"ht  rest  his  machinery,  he  could  move  the  Earth.  Upon  so  simple 
a truth,  assisted  by  the  ai<l  derived  from  other  sources,  rests  the  whole 
fabric  of  mechanical  ]io\ver,  whether  for  raising’  weights,  or  cleaving  rocks, 
or  |)umping  up  rivers  from  the  bowels  of  the  earth;  or,  in  short,  per* 
forming  any  of  those  works  to  which  human  strength,  even  augmented  bf 
the  help  of  the  animals  whom  Providence  has  subdued  to  our  use,  woula 
prove  altogether  inadei|uate. 

The  application  of  Dynamics  to  the  pressure  and  motions  of  fluids,  con- 
stitutes a science  which  receives  different  appellations  according  as  the 
fluids  are  heavy  and  liijuid  like  water,  or  light  and  invisible,  like  air.  In 
the  former  case  it  is  called  Hydrodynamics,  from  the  Greek  words  sig- 
nifying water  and  power,  or  force ; in  the  latter /'ncumafics,  from  the 
Greek  word  signifying  breath  or  air;  and  Hydrodynamics  is  divided  into 
Hydrostatics,  which  treats  of  the  weight  and  pressure  of  liquids,  from  the 
Greek  words  for  balancing  of  water ; and  Hydraulics,  which  treats  of 
their  motion,  from  the  Greek  name  for  certain  musical  instruments  played 
with  water  in  pipes. 

The  discoveries  to  which  experiments  upon  the  pressure  and  motion 
of  fluids,  aided  by  mathematical  reasoning,  have  led,  are  of  the  greatest 
importance,  whether  we  regard  their  application  to  practical  purposes,  or 
their  use  for  explaining  the  appearances  in  nature,  or  their  singularity 
as  the  subjects  of  scientific  contemplation.  When  it  is  found  that  the 
pres.sure  of  water  or  any  other  liquid  upon  the  surface  that  contains  it,  is 
not  in  the  least  degree  proportioned  to  its  bulk,  but  only  to  the  height  at 
whieh  it  stands,  so  that  a lung  small  pipe,  containing  a pound  or  two  of 
the  fluid,  will  give  the  pressure  of  twenty  or  thirty  ton ; nay,  of  twice  or 
thrice  as  much,  if  its  length  be  increased,  and  its  bore  lessened,  without 
the  least  regard  to  the  quantity  of  the  liquid,  we  are  not  only  astonished 
at  so  extraordinary  and  unexpected  a property  of  matter,  but  we  straight- 
way perceive  one  of  the  great  agents  employed  in  the  vast  operations  of 
nature,  in  which  the  most  trifling  means  are  used  to  work  the  mightiest 
effects.  We  likewise  learn  to  guard  against  many  serious  mischiefs  in 
our  own  woiks,  and  to  apply  safely  and  usefully  a power  calculated,  ac- 
cording as  it  is  directed,  either  to  produce  unbounded  devastation,  or  to 
render  the  most  beneficial  service. 

Nor  are  the  discoveries  relating  to  the  Air  less  interesting  in  them- 
selves, and  less  applicable  to  important  uses.  It  is  an  agent,  though 
invisible,  as  powcrfiil  as  Water,  in  the  operations  both  of  nature  and  of  art. 
Experiments  of  a simple  and  decisive  nature  show  the  amount  of  its  pres- 
sure to  be  between  14  and  15  pounds  on  every  square  inch;  but,  like  all 
other  fluids,  it  presses  equally  in  every  direction;  so  tliat  though,  on  one 
hand,  there  is  a pressure  downwards  of  above  250  pounds,  yet  this  is 
exactly  balanced  by  an  equal  pressure  upwards,  from  the  air  pressing 
round  and  getting  below.  If,  however,  the  air  on  one  side  be  removed, 
the  whole  pressure  from  the  other  acts  unbalanced.  Hence  the  ascent  of 
water  In  pumps,  which  suck  out  the  air  from  a barrel,  and  allow  the  pres- 
sure upon  the  water  to  force  it  up  32  or  33  feet,  that  body  of  water  being 
equal  to  the  weight  of  the  atmosphere.  Hence  the  ascent  of  the  mercury 
In  the  barometer  is  only  28  or  29  inches,  mercury  being  between  13  and 
14  times  heavier  than  water.  Hence,  too,  the  motion  of  the  steam-engine; 
the  piston  of  which,  until  the  direct  force  of  steam  was  applied,  used  to 
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be  pressed  downwards  by  the  weif^ht  of  the  atmosphere  from  above,  alt 
air  being  removed  bblnw  it  by  first  filling  it  with  steam,  and  then  suddenly 
cooling  and  converting  that  steam  into  water,  so  as  to  leave  nothing  in 
the  space  it  had  occupied.  Ilcncc,  too,  the  power  which  some  animals 
possess  of  walking  along  the  perpendicular  surfaces  of  walls,  and  even 
the  ceilings  of  rooms,  by  squeezing  out  the  air  between  the  inside  of  their 
feet  and  the  wall,  and  thus  being  supported  by  the  pressure  of  the  air 
against  the  outside  of  their  feet 

The  science  of  Optics,  (from  the  Greek  word  for  seeing,)  which  teaches 
the  nature  of  light,  and  of  the  scnsaiion  conveyed  by  it,  presents,  of  itself, 
a field  of  unbounded  extent  and  interest.  To  it  the  arts,  and  the  other 
sciences,  owe  those  most  useful  instruments  which  have  enabled  us  at 
once  to  examine  the  minutest  parts  of  the  structure  of  animat  and  vegetable 
bodies,  and  to  calculate  the  size  and  the  motions  of  thb  most  remote  of 
the  heavenly  bodies.  But  as  an  object  of  learned  curiosity,  nothing  can 
be  more  singular  than  the  fundamental  truth  discovered  by  the  genius  of 
Newton, — that  the  light,  which  we  call  white,  is  in  fact  composed  of  all 
the  colours,  blended  in  certain  proportions ; unless,  perhaps,  it  be  that 
astonishing  conjecture  of  his  unrivalled  sagacity,  by  which  he  descried 
the  inflammable  nature  of  the  diamond,  and  its  belonging,  against  all 
appearance  of  probability,  to  the  class  of  oily  substances,  from  having 
observed,  that  it  stood  among  them,  and  far  removed  from  all  crystals, 
in  the  degree  of  its  action  upon  light;  a conjecture  turned  into  certainty 
by  discoveries  made  a century  afterwards. 

To  a man  who,  for  original  genius  and  strong  natural  sense,  is  not  un- 
worthy of  being  named  after  this  illustrious  sage,  we  owe  the  greater  part 
of  Electrical  science.  It  treats  of  the  peculiar  substance,  resembling  both 
light  and  heat,  which,  by  rubbing,  is  found  to  be  produced  in  a certain 
class  of  bodies,  as  glass,  wax,  silk,  amber ; and  to  be  conveyed  easily  or 
conducted  through  others,  as  wood,  metals,  water;  and  it  has  received 
the  name  of  Eteclriciiy,  from  the  Greek  word  for  amber.  Dr.  Franklin 
discovered  that  this  is  the  same  matter  which,  when  collected  in  the 
clouds,  and  conveyed  from  them  to  the  earth,  we  call  lujhtuing,  and  whose 
noise,  in  darting  through  the  air,  is  thunder.  The  observation  of  some 
movements  in  the  limbs  of  a dead  frog  gave  rise  to  the  discovery  of 
Animal  Electricity,  or  Galvanism,  as  it  was  at  first  called  from  the  name 
of  the  discoverer ; and  which  has  of  late  years  given  birth  to  improve- 
ments that  have  changed  the  face  of  chemical  philosophy ; affording  a 
new  proof  how  few  there  arc  of  the  proce.sses  of  nature  incapable  of  re- 
paying the  labour  we  be.stow  in  patiently  and  diligently  examining  them. 
It  is  to  the  results  of  the  remark  accidentally  made  upon  the  twitching 
in  the  frog’s  leg,  not,  however,  hastily  dismissed  and  forgotten,  but 
treasured  up  and  pursued  through  many  an  elaborate  experiment  and 
calculation,  that  we  owe  our  acquaintance  with  the  extraordinary  metal, 
li(|iiid  like  mercury,  lighter  tliaii  water,  and  more  inflammable  than  phos- 
phorus, which  forms,  when  it  bums  by  mere  exposure  to  the  air,  one 
of  llie  salts  best  known  in  commerce,  and  the  principal  ingredient  in 
salt])etre. 

In  order  to  explain  the  nature  and  objects  of  those  branches  of  Natural 
Science  more  or  less  connected  with  the  mathematics,  some  details  were 
necessary,  as  without  them  it  was  difficidt  immediately  to  perceive  their 
importance,  and,  as  it  were,  relish  the  kind  of  instruction  which  they 
alibi'd.  But  the  same  course  need  not  be  pursued  with  respect  to  the 
other  branches.  The  value  and  the  interest  of  chemistry  is  at  once  per 
ceived,  when  it  is  known  to  teach  the  nature  of  all  bodies ; the  relations 
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of  simple  substances  to  heat  and  to  one  another,  or  their  combinations 
together  ; the  composition  of  those  which  nature  produces  in  a compound 
state ; and  the  application  of  the  whole  to  the  arts  and  manufactures. 
Some  branches  of  philosophy,  again,  are  chiefly  useful  and  interesting  to 
particular  classes,  as  surgeons  and  physicians.  Others  are  easily  under- 
stood by  a knowledge  of  the  principles  of  Mechanics  and  Chemistry,  of 
which  they  are  applications  and  exam]>les  ; as  those  which  teach  the 
slnicture  of  the  earth  and  the  changes  it  has  undergone ; the  motions  of 
the  muscles,  and  the  structure  of  the  parts  of  animals;  the  qualities  of 
animal  and  vegetable  substances ; and  that  department  of  Agriculture 
which  treats  of  soils,  manure,  and  machinery.  Other  branches  are  only 
collections  of  facts,  highly  curious  and  useful  indeed,  but  which  any  one 
who  reads  or  listens,  perceives  as  clearly,  and  comprehends  as  readily,  as 
the  profcs.sed  student.  To  this  class  belongs  Natural  History,  in  so  lar 
as  it  describes  the  habits  of  animals  and  plants,  and  its  application  to  that 
department  of  Agriculture  which  treats  of  cattle  and  their  management. 

IV.  APPMC.VTION  OF  N.\TURAL  SCIENCE  TO  THE 
ANIMAL  AND  VEGETAHLE  WORLD. 

Bct,  for  the  purpose  of  further  illustrating  the  advantages  of  Philosophy, 
its  tendency  to  enlarge  the  mind,  as  well  as  to  interest  it  agreeably,  and 
atford  pure  and  solid  gratification,  a few  instances  may  be  given  of  the 
singular  truths  brought  to  light  by  the  application  of  Mathematical,  Me- 
chanical, and  Chemical  knowledge  to  the  habits  of  animals  and  plants ; 
and  some  examples  may  be  added  of  the  more  ordinary  and  easy,  but 
scarcely  less  interesting  observations,  made  upon  those  habits,  without 
the  aid  of  the  profounder  sciences. 

We  may  remember  the  curve  line  which  mathematicians  call  a Cycloid. 
It  is  the  path  which  any  point  of  a circle,  moving  along  a plane,  and 
round  its  centre,  traces  in  the  air ; so  that  the  nail  on  the  felly  of  a cart- 
wheel moves  in  a Cycloid,  as  Uie  cart  goes  along,  and  as  the  wheel  itself 
both  turns  round  its  axle,  and  is  carried  along  the  ground.  Now  Ibis 
curve  has  certain  properties  of  a peculiar  and  very  singular  kind  with 
respect  to  motion.  One  is,  that  if  any  body  whatever  moves  in  a cycloid 
by  its  own  weight  or  swing,  together  with  some  other  force  acting  upon 
it  all  the  while,  it  will  go  through  all  distances  of  the  same  curve  in 
exactly  the  same  time  ; and,  accordingly,  pendulums  have  sometimes 
been  contrived  to  swing  in  such  a manner,  that  they  shall  describe 
cycloids,  or  curves  very  near  cycloids,  and  thus  move  in  equal  times, 
w hether  they  go  through  a long  or  a short  part  of  the  same  curve.  Again, 
if  a body  is  to  descend  from  any  one  point  to  any  other,  not  in  the  per- 
pendicular, by  means  of  some  force  acting  on  it  together  with  its  weight, 
the  line  in  which  it  will  go  the  quickest  of  all  will  be  the  cycloid ; not  the 
straight  line,  though  that  is  the  shortest  of  all  lines  which  can  be  drawn 
between  the  two  points ; nor  any  other  curve  whatever,  though  many  are 
much  flatter,  ami  therefore  shorter  than  the  .cycloid — but  the  cycloid, 
which  is  longer  than  many  of  them,  is  yet,  of  all  curved  or  straight  lines 
w hich  can  be  drawn,  the  one  the  body  will  move  through  in  the  shortest 
time.  Suppose,  again,  that  the  body  is  to  move  from  one  point  to 
anothfu^  by  its  weight  and  some  other  force  acting  together,  but  to  go 
throu^  a certain  space, — as  a hundred  yards — the  way  it  must  take  to 
do  this,  in  Uie  shortest  time  possible,  is  by  moving  in  a cycloid ; or  the 
length  of  a hundred  yards  must  be  drawn  into  a cycloid,  and  then  the 
body  will  descend  flirough  the  hundred  yards  in  a shorter  time  than  it 
could  go  the  same  diatMce  in  any  other  path  whatever.  Now  it  is  be 
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Heved  that  Birds,  as  the  Ka^lc,  which  build  in  the  rocks,  drop  or  fij 
down  from  hcisht  to  hcipht  in  tliis  course.  It  is  impossible  to  muke  verj 
accurate  observations  of  their  flight  and  path  ; but  there  is  a general  re 
semblance  between  the  course  they  take  and  the  cycloid,  which  has  lee 
ingenious  men  to  adopt  this  opinion. 

If  we  have  a certain  quantity  of  any  substance,  a pound  of  wootl,  foi 
example,  and  would  fashion  it  in  the  shape  to  take  the  least  room,  we 
must  make  a globe  of  it ; it  will  in  this  iignre  have  the  smallest  surface. 
But  suppose  we  want  to  form  the  pound  of  wood,  so  that  in  moving 
through  the  air  or  water  it  shall  meet  with  the  least  possible  resistance  ; 
then  we  must  lengthen  it  out  for  ever,  till  it  becomes  not  only  like  a long- 
pointed  pin,  but  thinner  and  thinner,  longer  and  longer,  till  it  is  quite  a 
straight  line,  and  has  no  perceptible  breadth  or  thickness  at  all.  If  wo 
would  dispose  of  the  given  quantity  of  matter,  so  that  it  shall  have  a 
certain  length  only,  say  a foot,  and  a certain  breadth  at  the  thickest  part, 
say  three  inches,  and  move  through  the  air  or  water  with  the  smallest  pos- 
sible resistance  which  a body  of  those  dimensions  can  meet,  then  we  mvist 
form  it  into  a figure  of  a peculiar  kind,  called  the  Solid  of  least  resistance, 
because,  of  all  the  shapes  that  can  be  given  to  the  body,  its  length  and 
breadth  remaining  the  same,  this  is  the  one  which  will  make  it  move  with 
the  least  resistance  through  the  air  or  water,  or  other  fluid.  A very  dif- 
ficult chain  of  mathematical  reasoning,  by  means  of  the  highest  bl  anches 
of  algebra,  leads  to  a knowledge  of  the  curve,  which,  by  revolving  on  its 
axis,  makes  a solid  of  this  shape,  in  the  same  way  that  a circle,  by  so  re- 
volving, makes  a sphere  or  globe ; and  the  curve  certainly  resembles 
closely  the  face  or  head  part  of  a fish.  Nature,  therefore,  (by  which  we 
always  mean  the  Divine  Author  of  nature,)  has  fashioned  these  fishes  so, 
that,  according  to  mathematical  principles,  they  swim  the  most  easily 
through  the  element  they  live  and  move  in.* 

Sujipose  upon  the  face  part  of  one  of  these  fishes  a small  insect  were 
bred,  endowed  with  faculties  sufficient  to  reason  upon  its  condition,  and 
upon  the  motion  of  the  fish  it  belonged  to,  but  never  to  have  disco- 
vered the  whole  size  and  shape  of  the  face  part ; it  would  certainly  com- 
plain of  the  form  as  clumsy,  and  fancy  that  it  could  have  made  the  fish  so 
as  to  move  with  less  resistance.  Yet  if  the  whole  shape  were  disclosed  to 
it,  and  it  could  discover  the  principle  on  which  that  shape  was  preferred, 
ft  would  at  once  perceive,  not  only  that  what  had  seemed  clumsy  was 
skilfully  contrived,  but  that,  if  any  other  shape  whatever  had  been  taken, 
there  would  have  been  an  error  committed ; nay,  that  there  must  of  neces- 
sity have  been  an  error;  and  that  the  very  best  possible  arrangement  had 
been  adopted.  So  it  may  be  with  Man  in  the  Universe,  where,  seeing 
only  a part  of  the  great  system,  he  fancies  there  is  evil ; and  yet,  if  he 
were  permitted  to  survey  the  whole,  what  had  seemed  imperfect  might 
appear  to  be  necessary  for  the  general  perfection,  insomuch  that  any  other 
arrangement,  even  of  that  seemingly  imperfect  part,  must  needs  have  ren- 
dered the  whole  less  perfect.  Tlie  common  objection  is,  that  what  seems 
evil  might  hatx  been  avoided ; but  in  the  case  of  the  fish’s  shape,  it  could 
not  have  been  avoided.  ^ 

It  is  found  by  Optical  inquiries,  that  the  particles  or  rays  of  light,  in 
passing  through  transparent  substances  of  a certain  form,  are  bent  to  a 
point  where  they  make  an  image  or  picture  of  the  shining  bodies  they 
come  from,  or  of  the  dark  bodies  they  are  reflected  from.  Thus,  if  a pair 

* The  feathers  of  the  wings  of  birds  are|  found  to  be  placed  at  the  best  possibte  angle 
for  helping  on  the  bird  by  their  action  on  the  air. 
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of  Rpeetaelei  be  held  between  a candle  and  the  wall,  they  make  two 
images  of  the  candle  upon  it ; and  if  they  be  held  between  the  window 
and  a sheet  of  paper  when  the  sun  is  shiniiif',  they  make  a picture  on  the 
paper  of  the  houses,  trees,  fields,  sky,  and  clouds.  The  eye  is  found  to 
be  composed  of  several  natural  magpiifiers  which  make  a picture  on  a 
membrane  at  the  back  of  it,  and  from  this  membrane  there  goes  a nerve 
to  the  brain,  convcyinpr  the  impression  of  the  picture,  by  means  of  which 
we  see.  Now,  white  light  was  discovered  by  Newton  to  consist  of  dif- 
ferently-coloured parts,  which  are  differently  bent  in  passing  ihroiigli 
transparent  substances,  so  that  the  lights  of  several  colours  come  to  a 
point  at  different  distances,  and  thus  create  an  indistinct  image  at  any  one 
distance.  Tliis  was  long  found  to  make  our  telesco|>es  imperfect,  insonmcli 
that  it  became  necessary  to  make  them  of  reflectors  or  mirrors,  and  nut 
of  magnifying  glasses,  the  same  diflbrence  not  being  observed  to  affect 
the  reflection  of  light.  But  another  discovery  was,  about  fifty  years  after- 
wards, made  by  Mr.  Dollond, — that,  by  combining  different  kinds  of  glass 
in  a compound  magnifier,  the  difference  may  be  greatly  corrected  ; and  on 
this  principle  he  constructed  his  telescopes.  It  is  found,  too,  that  the  dif- 
ferent natural  magnifiers  of  the  eye  are  combined  upon  a principle  of  the 
same  kind.  Thirty  years  later,  a third  discovery  was  made  by  Mr.  Blair, 
of  the  greatly  superior  effect  which  combinations  of  different  liquids  have 
in  correcting  the  imperfection ; and,  most  wonderful  to  think,  when  the 
eye  is  examined,  we  find  it  consists  of  different  liquids,  acting  naturally 
upon  the  same  principle  which  was  thus  recently  found  out  in  Optics  by 
many  ingenious  mechanical  and  chemical  experiments. 

Again,  the  point  to  which  any  magnifier  collects  the  light  is  more  or 
less  distant  as  the  magnifier  is  flatter  or  rounder,  so  that  a small  globe  of 
glass  or  any  transparent  substance  makes  a microscope.  And  this  pro- 
perty of  light  depends  upon  the  nature  of  lines,  and  is  purely  of  a mathe- 
matical nature,  after  we  have  once  ascertained  by  experiment,  that  light  is 
bent  in  a certain  way  when  it  passes  through  transparent  bodies.  Now 
birds  flying  in  the  air,  and  meeting  with  many  obstacles,  as  branches  and 
leaves  of  trees,  require  to  have  their  eyes  sometimes  as  flat  as  possible  for 
protection ; but  sometimes  as  nnmd  as  possible,  that  they  may  see  the 
small  objects,  flies  and  other  insects,  which  they  are  chasing  through  the 
air,  and  which  they  pursue  with  the  most  unerring  certainty.  This  could 
only  be  accomplished  by  giving  them  a power  of  suddenly  changing  the 
form  of  their  eyes.  Accordingly  there  is  a set  of  hard  scales  placed  o 
the  outer  coat  of  their  eye,  round  the  place  where  the  light  enters  ; ainl 
over  these  scales  are  drawn  the  muscles  or  fibres  by  which  motion  is  com- 
municated ; so  that,  by  acting  with  these  muscles,  the  bird  can  press  the 
scales,  and  squeeze  the  natural  magnifier  of  the  eye  into  a round  shape 
when  it  wishes  to  follow  an  insect  through  the  air,  and  can  relax  tlie 
scales  in  order  to  flatten  the  eye  again  when  it  would  see  a distant  object, 
or  move  safely  through  leaves  and  twigs.  This  power  of  altering  the 
shape  of  the  eye  is  possessed  by  birds  of  prey  in  a very  remarkable  degree, 
^ley  can  thus  see  the  smalle.st  objects  close  to  them,  and  can  yet  discern 
larger  bodies  at  vast  distances,  as  a carcass  stretched  upon  the  plain,  or  a 
dying  fish  afloat  on  the  water. 

A singular  provision  is  made  for  keeping  the  surface  of  the  bird  s eye 
clean— fer  wiping  the  glass  of  the  instrument,  as  it  were — and  also  (or 
protecting  it,  white  rapidly  flying  through  the  air  and  through  thickets, 
without  hindering  the  sight.  Birds  are,  for  these  purposes,  furnished 
with  a third  eyeliii,  a fine  membrane  or  skin,  which  is  constantly  moved 
very  rapidly  over  the  eyeball  by  two  muscles  placed  in  the  back  of  tlie 
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e;e.  One  of  the  muscles  ends  in  a loop,  the  otlier  in  a strinf^  which  g:oes 
through  the  loop,  and  is  fixed  in  the  corner  of  the  membrane,  to  pull  it 
backward  and  forward.  If  you  wish  to  draw  a thing  towards  any  place 
with  the  least  force,  you  must  pull  directly  in  the  line  between  the  thing 
and  the  place ; but  if  you  wi.sh  to  draw  it  as  quickly  as  possible,  and  with 
the  most  convenience,  and  do  not  regard  the  loss  of  force,  you  must  pull 
it  obliquely,  by  drawing  it  in  two  directions  at  once.  Tie  a string  to  a 
stone,  and  draw  it  straight  towards  you  writh  one  hand ; then,  make  a 
loop  on  another  string,  and  running  the  first  through  it,  draw  one  string 
in  each  hand,  not  towards  you,  but  sideways,  till  both  strings  are  stretched 
in  a straight  line : you  will  see  how  much  more  easily  the  stone  moves 
quickly  than  it  did  before  when  pulled  straight  forward.  Again,  if  you 
tie  strings  to  the  two  ends  of  a rod,  or  slip  of  card,  in  a running  groove, 
and  bring  them  to  meet  and  pass  through  a ring  or  hole,  for  every  inch 
in  a straight  line  that  you  draw  both  together  below  the  ring,  the  rod  will 
move  onward  two.  Now  this  is  proved,  by  mathematical  reasoning,  to 
be  the  necessary  consequence  of  forces  applied  obliquely ; there  is  a loss 
of  power,  but  a great  gpiin  in  velocity  and  convenience.  This  is  the  thing 
required  to  be  gwned  in  the  third  eyelid,  and  the  contrivance  is  exactly 
that  of  a string  and  a loop,  moved  each  by  a muscle,  as  the  two  strings 
are  by  the  hands  in  the  cases  we  have  been  supposing. 

A third  eyelid  of  the  same  kind  is  found  in  the  horse,  and  called  the 
Aauj ; it  is  moistened  with  a pulpy  substance  (or  mucilage)  to  take  hold 
of  the  dust  on  the  eyeball,  and  wipe  it  clear  off;  so  that  the  eye  is  hardly 
ever  seen  with  any  thing  upon  it,  though  greatly  exposed  from  its  size 
and  posture.  The  swifi  motion  of  the  haw  is  given  to  it  by  a gristly, 
elastic  substance,  placed  between  the  eyeball  and  the  socket,  and  striking 
obliquely,  so  as  to  drive  out  the  haw  with  great  velocity  over  the  eye,  and 
then  let  it  come  back  as  quickly.  Ignorant  persons,  when  this  haw  is 
inflamed  from  cold,  and  swells  so  as  to  appear,  which  it  never  does  in  a 
healthy  state,  often  mistake  it  for  an  imijerfection,  and  cut  it  of:  so  nearly 
do  ignorance  and  cruelty  produce  the  same  mischief. 

If  any  quantity  of  matter,  as  a pound  of  wood  or  iron,  is  fashioned  into 
a rod  of  a certain  length,  say  one  foot,  the  rod  will  be  strong  in  pro|)ortion 
to  its  thickness  ; and,  if  the  figure  is  the  same,  that  thickness  can  only  be 
increased  by  making  it  hollow.  Tlierefore,  hollow  rods  or  tubes,  of  the 
same  length  and  quantity  of  matter,  have  more  strength  than  solid  ones. 
This  is  a principle  so  well  understood  now,  that  engineers  make  their 
axles  and  other  parts  of  machinery  hollow,  and  therefore  stronger  with 
the  same  weight,  than  they  would  be  if  thinner  and  solid.  Now  the 
bones  of  animals  are  all  more  or  less  hollow ; and  are  therefore  stronger 
with  the  same  weight  and  quantity  of  matter  than  they  otherwise  would 
be.  But  birds  have  the  largest  bones  in  proportion  to  their  weight ; their 
bones  are  more  hollow  than  those  of  animals  which  do  not  fly  ; and  there- 
fore they  have  the  needful  strength  without  having  to  carry  more  weight 
than  is  absolutely  necessary.  Their  quills  derive  strength  from  the  same 
construction,  'fliey  possess  another  peculiarity  to  help  their  flight.  No 
otlier  animals  have  any  communication  between  the  air-vessels  of  their 
lungs  and  the  hollow  parts  of  their  bodies;  but  birds  have  it ; and  by 
this  means  they  can  blow  out  their  bodies  as  we  do  a bladder,  and  thus 
become  lighter  when  they  would  either  make  their  flight  towards  the 
ground  slower,  or  rise  more  swiftly,  or  float  more  easily  in  the  air;  while, 
by  lessening  their  bulk  and  closing  their  wings,  they  can  drop  more 
speedily  if  they  wish  to  chase,  or  to  escape.  Fishes  possess  a power  of 
the  same  kind,  though  not  by  the  same  means.  They  have  air-bladdcrt 
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in  their  Ixxllcs,  and  can  piifT  tliem  out,  or  preas  them  closer,  at  pleasiire 
when  they  want  to  rise  in  the  water,  they  fill  out  the  bladder,  and  this 
if'hteiis  them : when  they  would  sink,  they  squeeze  the  bladder,  pressinp; 
Aie  air  into  a smaller  space,  and  this  makes  them  heavier.  If  the  bladder 
dreaks,  the  fish  remains  at  the  Imttom,  and  can  be  held  up  only  by  the 
most  laborious  exertions  of  the  fitw  and  tail.  Accordingly,  flat  fish,  ns 
skaits  and  flounders,  which  have  no  air-hladders,  seldom  rise  from  the 
bottom,  but  are  found  lying  on  banks  in  the  sea,  or  at  the  bottom  of  rivers 

If  you  have  a certain  space,  as  a room,  to  fill  up  with  closets  or  little 
cells,  all  of  the  same  size  and  shape,  there  are  only  three  figures  which 
will  answer,  and  enable  you  to  fill  the  room  without  losing  any  space 
between  the  cells ; they  must  either  be  squares,  or  figures  of  three  equal 
sides,  or  figures  of  six  equal  sides.  With  any  other  figures  whatever, 
s]iace  would  be  lost  between  the  eells.  This  is  evident  upon  considering 
the  matter ; and  it  is  proved  by  mathematical  reasoning.  The  six-sided 
figure  is  by  far  the  most  convenient  of  those  three  shapes,  because  its 
comers  are  flatter,  and  any  round  body  placed  in  it  has  therefore  more 
space,  less  room  being  lost  in  the  corners'.  Tliis  figure,  too,  is  the 
strongest  of  the  three;  any  pressure  from  without  or  from  within  will 
hurt  it  least,  as  it  has  something  of  the  strength  of  an  arch.  A round 
figure  would  be  still  stronger,  but  then  room  would  be  lost  between  the 
circles,  wherea.s  with  the  six-sided  figure  none  is  lost.  Now,  it  is  a most 
remarkable  fact,  that  Brat  build  their  cells  exactly  in  this  shape,  and 
thereby  save  both  room  and  materials  beyond  what  they  could  save  if 
they  built  in  any  other  shape  whatever.  They  build  in  the  very  best  pos- 
sible  shape  for  their  purpose,  which  is  to  save  all  the  room  and  all  the 
wax  they  can.  So  far  as  to  the  shape  of  the  walls  of  each  cell ; but  the 
roof  and  floor,  or  top  and  bottom,  arc  built  on  equally  true  principles. 
It  is  proved  by  mathematicians,  that,  to  give  the  greatest  strength,  and 
save  the  mpat  room,  the  roof  and  floor  must  be  ma<le  of  three  square 
planes  meeting  in  a |>oint ; and  they  have  fiirther  proved,  by  a demon- 
slrntion  belonging  to  the  highest  i)arts  of  Algebra,  that  there  is  one  par- 
ticular angle  or  inclination  of  those  planes  to  each  other  where  they  meet, 
which  makes, a greater  saving  of  materials  and  of  work  than  any  other 
inclination'  whatever  could  possibly  do.  Now,  the  liees  actually  make 
the  tops  and  bottoms  of  their  cells  of  three  planes  meeting  in  a point ; 
and  the  inclinations  or  angles  at  which  they  meet  are  precisely  those 
found  out  by  the  mathematician  to  be  the  liest  possible  for  saving  wax 
and  work*.  Who  would  dream  of  the  bee  knowing  the  highest  branch  of 
the  Mathematics — the  fruit  of  Newton’s  most  wonderful  discovery — a 
result,  too,  of  which  he  was  himself  ignorant,  one  of  his  most  celebrated 
followers  haxnng  found  it  out  in  a later  age  ? This  little  in.sect  works 
with  a truth  and  correctness  which  arc  perfect,  and  according  to  prin- 
ciples at  which  man  has  arrived  only  after  ages  of  slow  improvement  in 
the  most  difficult  branch  of  the  most  difficult  science.  Hut  to  the  Mighty 
and  All-wise  Creator,  who  made  the  insect  and  the  philosopher,  bestow- 
ing rea.son  on  the  latter,  and  giving  the  former  to  work  without  it — to 
Him  all  truths  are  known  from  all  eternity,  with  an  intuition  that  mocks 
even  the  conceptions  of  the  sagest  of  human  Rind. 

• Koeuig,  pupil  of  Bcmouilli,  Mil  Macliurin,  proved  by  very  refined  inTeitiznIions,  carried 
on  with  the  aid  of  tlie  fluxion^  calculus,  dial  the  obtuse  anxle  must  be  tO^  *28’,  and  the 
•cute  70°  32',  (o  Mre  the  most  wix  and  work  pMible.  Manddi  fouod,  actual  tneasttro 
menl,  that  the  angle*  are  aboui  1 10^  and  70°.  'fbeM  angles  never  vary  m any  place ; and 
it  is  nritrcely  lem  vingular,  that  the  breadth*  of  all  bee*'  cells  are  every  where  precisely  the 
tame,  the  arooc  or  cell*  being  ^|th,  and  the  worker  or  female  cell*  ilin  of  an  incii 
10  brea<i(h,  and  this  io  all  couotrie*  and  time*. 
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It  may  be  recollected,  that  when  the  air  is  exhausted  or  sucked  out  of 
any  vessel,  there  is  no  longer  the  force  necessary  to  resist  the  pressure  of 
the  air  on  the  outside  ; and  the  sides  of  the  vessels  are  therefore  pressed 
inwards  with  violence : a flat  glass  would  thus  be  broken,  unless  it  were 
very  thick ; a round  one,  having  the  strength  of  an  arch,  would  resist 
better ; but  any  soil  substance,  as  leather  or  skin,  would  be  crushed  or 
squeezed  together  at  once.  If  the  air  was  only  sucked  out  slowly,  the 
squeezing  would  be  gradual  , or,  if  it  were  only  half  sucked  out,  the  skin 
would  only  be  partly  squeezed  together.  This  is  the  process  by  which 
Bra  reach  the  hue  dust  and  juices  of  hollow  flowers,  like  the  honeysuckle, 
and  some  kinds  of  long  fox-glovc,  which  ore  too  narrow  for  them  to  enter. 
They  fill  up  the  mouth  of  the  flower  with  their  bodies,  and  suck  out  the 
air,  or  at  least  a large  part  of  it : this  makes  the  soil  .sides  of  the  flower 
close,  and  squeezes  the  dust  and  juice  towards  the  insect  as  well  as  a 
hand  could  do,  if  applied  to  the  outside. 

We  may  remember  this  pressure  or  weight  of  the  atmosphere  as  shown 
by  the  Barometer,  and  the  Sucking-pump.  Its  weight  is  near  fifteen 
pounds  on  every  square  inch,  so  that  if  we  could  entirely  squeeze  out  the 
air  between  our  two  hands,  they  would  cling  together  with  a force  equal 
to  the  pressure  of  double  this  weight,  because  the  air  would  pre.ss  upon 
both  hands ; and  if  we  could  contrive  to  suck  or  squeeze  out  the  air 
between  one  hand  and  the  wall,  the  hand  would  stick  fast  to  the  wall, 
being  pressed  on  it  with  the  weight  of  above  two  hundred  weight,  that  is, 
near  fifteen  pounds  on  every  square  inch  of  the  hand.  Now,  by  a late 
most  curious  discovery  of  Sir  Everard  Home,  the  distinguislied  anatomist, 
it  is  found  that  this  is  the  very  process  by  which  Flia  and  other  insects 
of  a similar  description  are  enabled  to  walk  up  perpendicular  surfaces, 
however  smooth,  as  the  sides  of  walls  and  panes  of  glass  in  windows,  and 
to  walk  as  easily  along  the  ceiling  of  a room  with  their  bodies  downwards 
and  their  feet  over  head.  Their  feet,  when  examined  by  a microscope, 
are  found  to  have  flat  skins  or  flaps,  like  the  feet  of  web-footed  animals, 
as  dueks  and  geese  ; and  they  have  by  means  of  strong  folds  the  power 
of  drawing  the  flap  close  down  upon  the  glass  or  wall  the  fly  walks  on, 
and  thus  squeezing  out  the  air  completely,  so  as  to  make  a vacuum  be- 
tween the  foot  and  the  glass  or  wall.  The  consequence  of  this  is,  that  the 
air  presses  the  foot  on  the  wall  with  a very  considerable  force  compared 
to  the  weight  of  the  fly ; for  if  its  feet  are  to  its  body  in  the  same  pro- 
portion as  ours  are  to  our  bodies,  since  we  could  support  by  a single 
hand  on  the  ceiling  of  the  room  (provided  it  made  a vacuum)  more  than 
our  whole  weight,  namely,  a weight  of  above  fifteen  stone,  the  fly  can 
easily  move  on  four  feet  in  the  same  manner  by  help  of  the  vacuum  made 
under  its  feet. 

It  has  likewise  been  found  that  some  of  the  larger  Sea-animals  are 
by  the  same  construction,  only  upon  a greater  scale,  enabled  to  climb  the 
perpendicular  and  smooth  surfaces  of  the  ice  hills  among  which  they  live. 
Some  kinds  of  Lizard  have  a like  power  of  climbing,  and  of  creeping 
with  their  bodies  downwards  along  the  ceiling  of  a room  ; and  the  means 
by  which  they  are  enabled  to  do  so  are  the  same.  In  the  large  feet  of 
those  animals,  the  contrivance  is  easily  observed,  of  the  toes  and  muscles, 
by  which  the  skin  of  the  foot  is  pinned  down,  and  the  air  excluded  in 
Uie  act  of  walking  or  climbing ; but  it  is  the  very  same,  only  upon  a 
larger  scale,  with  the  mechanism  of  a fly's  or  a butterfly* s foot ; and 
both  operations,  the  climbing  of  the  sea-horse  on  the  ice,  and  the  creeping 
of  the  fly  ou  the  window  or  the  ceiling,  are  performed  exactly  by  the  same 
power,  the  weight  of  the  atmosphere,  which  causes  the  quicksilver  to 
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ttand  in  the  weather-^aeR,  the  wind  to  whietie  through  a key-hole,  and  the 
piston  to  descend  in  an  old  steam-engine. 

Although  philosophers  are  not  agreed  as  to  the  peculiar  action  which 
light  exerts  upon  vegetation,  and  there  is  even  some  doubt  respecting 
the  decomposition  of  air  and  water  during  that  process,  one  thing  is  un- 
deniable,— the  necessity  of  light  to  the  growth  and  health  of  plants  ■ 
without  it  they  have  neither  colour,  taste,  nor  smell ; and  accordingly  they 
are  for  the  most  part  so  formed  as  to  receive  it  at  all  times  when  it  shines 
on  them.  Their  cups,  and  the  little  assemblages  of  their  leaves  before 
they  sprout,  are  found  to  be  more  or  less  affected  by  the  light,  so  as  to 
open  and  receive  it.  In  several  kinds  of  plants  this  is  more  evident 
than  in  others  ; their  flowers  close  entirely  at  night,  and  open  in  the  day. 
Some  constantly  turn  round  towards  the  light,  following  the  sun,  as  it 
were,  while  he  makes  or  seems  to  make  his  revolution,  so  that  they  receive 
the  greatest  quantity  possible  of  his  rays.  Thus  clover  in  a field  follows 
the  apparent  course  of  the  sun.  But  all  leaves  of  plants  turn  to  the  sun, 
place  them  how  yon  will,  light  being  essential  to  their  thriving. 

The  lightness  of  inflammable  gas  is  well  known.  When  bladders  of 
any  size  are  filled  with  it,  they  rise  upwards,  and  float  in  the  air.  Now, 
it  is  a most  curious  fact,  ascertained  by  Mr.  Knight,  that  the  fine  dust,  by 
means  of  which  plants  are  impregnated  one  from  another,  is  composed 
of  very  small  globules,  filled  with  this  gas — in  a word,  of  small  air-bal- 
loons. These  globules  thus  float  from  tbe  male  plant  through  the  air, 
and  striking  against  the  females,  are  detained  by  a glue  prepared  on  pur- 
pose to  stop  them,  which  no  sooner  moistens  the  globules  than  they  ex- 
plode, and  their  substance  remains,  the  gas  flying  otf  which  enabled  them 
to  float.  A provision  of  a very  simple  kind  is  also,  in  some  cases,  made 
to  prevent  the  male  and  female  blossoms  of  the  same  plant  from  breed- 
ing together,  this  being  found  to  hurt  the  breed  of  vegetables,  Just  as 
breeding  in  and  in  spoils  the  race  of  animals.  It  is  contrived  that  the 
dust  shall  be  shed  by  the  male  blossom  before  the  female  of  the  same 
plant  is  ready  to  be  afTcctcd  by  it  ; so  that  the  impregnation  must  be 
performed  by  the  dust  of  some  other  plant,  and  in  this  way  the  breed  be 
crossed.  The  light  gas  with  which  the  globules  are  filled  is  most  essen- 
tial to  the  operation,  as  it  conveys  them  to  great  distances.  A plantation 
of  yew-trees  has  been  known,  in  this  way,  to  impregnate  another  several 
hundred  yards  off. 

The  contrivance  by  which  some  creeper  plants  are  enabled  to  climb 
walls,  and  fix  themselves,  deserves  attention.  The  Virginia  creeper  has 
a small  tendril,  ending  in  a claw,  each  toe  of  which  has  a knob,  thickly 
set  with  extremely  small  bristles ; they  grow  into  the  invisible  pores  of 
the  wall,  and  swelling,  stick  there  as  long  as  the  plant  grows,  and  prevent 
the  branch  from  falling ; but  when  the  plant  dies,  they  become  thin  again, 
and  drop  out,  so  that  the  branch  falls  down. 

The  Vanilla  plant  of  the  West  Indies  climbs  round  trees  likewise  by 
means  of  tendrils ; but  when  it  has  fixed  itself,  the  tendrils  drop  off,  and 
leaves  are  formed. 

It  is  found  by  chemical  experiments,  that  the  juice  which  is  in  the 
stomachs  of  animals  (culled  the  gaetric  juice,  from  a Greek  word, 
signifying  the  belly)  has  very  peculiar  properties.  Though  it  is  for  the 
most  part  a tasteless,  clear,  and  seemingly  a very  simple  liquor,  it  never- 
theless possesses  extraordinary  powers  of  dissolving  substances  which  it 
touches  or  mixes  with  ; and  it  varies  in  different  classes  of  animals.  In 
one  particular  It;  the  same  in  all  animals  ; it  will  not  attack  living 
matter,  but  only  mhA;  the  consequence  of  which  is,  that  its  powers  of  eating 
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away  and  dissolving  arc  p«rfectly  safe  to  the  animals  themselves,  ia 
whose  stomachs  it  remains  without  ever  hurtinf;  them.  This  juice  differs 
in  different  animals  according  to  the  food  on  which  they  subsist ; thus  in 
birds  of  prey,  as  kites,  hawks,  owls,  it  only  acts  upon  animal  matter,  and 
does  not  dissolve  vegetables.  In  other  birds,  and  in  all  animals  feeding 
on  plants,  as  oxen,  sheep,  hares,  it  dissolves  vegetable  matter,  as  grass, 
but  will  not  touch  flesh  of  any  kind.  This  has  been  ascertained  by  making 
them  swallow  balls  with  meat  in  them,  and  several  holes  drilled  through, 
to  let  the  gastric  juice  reach  the  meat;  no  effect  was  produced  upon  it. 
We  may  further  observe,  that  there  is  a most  curious  and  beautiful  cor- 
respondence between  this  juice  in  the  stomach  of  different  animals  and 
the  other  parks  of  their  bodies,  connected  with  the  important  operations 
of  eating  and  digesting  their  food.  The  use  of  the  juice  is  plainly  to 
convert  what  they  cat  into  a fluid,  from  which,  by  various  other  processes, 
all  their  parts,  blood,  bones,  muscles,  &c.,  arc  afterwards  formed.  But 
the  food  is  first  of  all  to  be  obtained,  and  then  prepared  by  bruising  fur 
the  action  of  the  juice.  Now  birds  of  prey  have  instruments,  their  claws 
and  beaks,  for  tearing  and  devouring  their  food,  (that  is,  animals  of 
various  kinds,)  but  those  instruments  are  useless  for  picking  up  and 
crushing  seeds ; accordingly  they  have  a gastric  juice  which  dissolves  the 
animals  they  eat ; while  birds  which  have  only  a beak  fit  for  jiecking, 
and  eating  seeds,  have  a juice  that  dissolves  seeds,  and  not  flesh.  Nay 
more,  it  is  found  that  the  seeds  must  be  bruised  before  the  juice  will  dis- 
solve them : this  you  find  by  trying  the  experiment  in  a vessel  with  the 
juice ; and  accordingly  the  birds  have  a gizzard,  and  animals  which  graze 
have  flat  teeth,  which  grind  and  bruise  their  food,  before  the  gastric  juice 
is  to  act  upon  it. 

We  have  seen  how  wonderfully  the  flee  works,  according  to  rules  dis- 
covered by  man  thousands  of  years  after  the  insect  had  been  following 
them  with  perfect  accuracy.  The  same  little  animal  seems  to  be  ac- 
(juainlcd  with  principles  of  which  we  are  still  ignorant.  We  can,  by 
crossing,  vary  the  forms  of  cattle  with  astonishing  nicety  ; but  we  have 
no  means  of  altering  the  nature  of  an  animal  once  bom,  by  means  of 
treatment  and  feeding.  This  power,  however,  is  undeniably  possessed  by 
the  bees.  When  the  queen  bee  is  lost  by  death  or  otherwise,  they  choose 
a grub  from  among  those  which  are  bom  for  workers  ; they  make  three 
cells  into  one,  and  placing  the  grub  there,  they  build  a tube  round  it ; they 
afterwards  build  another  cell  of  a pyramidal  form,  into  which  the  grub 
grows ; they  feed  it  with  peculiar  food,  and  tend  it  with  extreme  care. 
It  becomes,  when  transformed  from  the  worm  to  the  fly,  not  a worker, 
but  a queen  bee. 

These  singular  insects  resemble  our  own  species,  in  one  of  our  worst 
propensities,  tlie  disposition  to  war;  but  their  attention  to  their  sovereign 
is  equally  extraordinary,  though  of  a somewhat  capricious  kind.  In  a 
few  hours  after  their  queen  is  lost,tlie  whole  hive  is  in  a state  of  confusion. 
A singular  humming  is  heard,  and  the  bees  are  seen  moving  all  over  the 
surface  of  the  combs  with  great  rapidity.  The  news  spread  quickly,  and 
when  the  queen  .s  restored,  quiet  immediately  succeeds.  But  if  another 
queen  is  put  upon  them,  they  instantly  discover  the  trick,  and,  surrounding 
her,  they  cither  suflbeate  or  starve  her  to  death.  This  happens  if  the 
false  <|uecn  is  introduced  n ithin  a few  hours  after  the  first  is  lost  or  re- 
moved; but  if  twcnty-lbur  hours  have  elapsed,  they  will  receive  any 
queen,  and  obey  her. 

The  labours  ami  the  policy  of  ih(^  Ants  are,  when  closely  examined,  still 
more  wonderful,  perhacs,  than  those  of  the  fleer.  Their  nest  is  a city 
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eonsistin^  of  dwellm^c-places,  halls  streets,  ami  squares  into  which  the 
streets  open.  The  food  they  prineipally  like  is  the  honey  which  comes 
from  another  insect  found  in  their  iieig'iibourhood,  and  which  they,  gene- 
rally speaking,  bring  home  from  day  to  day  as  they  want  it.  Late  dis- 
coveries have  shown  that  they  do  not  eat  grain,  but  live  almost  entirely 
on  animal  food  and  this  honey.  Some  kinds  of  ant  have  the  foresight 
to  bring  home  the  insects  on  whose  honey  they  feed,  and  keep  them  in 
narticular  ceils,  where  they  guard  them  to  prevent  their  escaping,  and 
feed  them  with  proper  vegetable  matter  which  they  do  not  eat  them- 
selves. Nay,  they  obtain  the  eggs  of  those  insects,  and  superintend  their 
hatching,  and  then  rear  the  young  insect  until  he  becomes  capable  of  sup- 
plying the  desired  honey.  Tliey  sometimes  remove  them  to  the  strongest 
parts  of  their  nest,  where  there  are  cells  apparently  fortified  for  protecting 
them  from  invasion.  In  those  cells  the  insects  are  kept  to  supply  the 
wants  of  the  whole  ants  which  compose  the  population  of  the  city.  It  is 
a most  singular  circumstance  in  the  economy  of  nature,  that  the  degree 
of  cold  at  which  the  ant  becomes  torpid  is  also  that  at  which  this  insect 
falls  into  the  same  state.  It  is  considerably  below  the  freezing  point ; 
so  that  they  require  food  the  greater  part  of  the  winter,  and  if  the  insects 
on  which  they  depend  for  food  were  not  kept  alive  during  the  cold  in 
which  the  ants  can  move  about,  the  latter  would  be  without  the  means  of 
subsistence. 

How  trifling  soever  this  little  animal  may  appear  in  our  climate,  there 
are  few  more  formidable  creatures  than  the  ant  of  some  tropical  countries. 
A traveller  who  lately  filled  a high  station  in  the  French^vemmeiit,  Mr. 
Maloiiet,  has  described  one  of  their  cities,  and,  were  not  the  account  con- 
firmed by  various  testimonies,  it  might  seem  exaggerated.  He  observed 
at  a great  distance  what  seemed  a lolly  structure,  and  was  informed  by 
his  guide  that  it  consisted  of  an  ant  hill,  which  could  not  be  approached 
without  danger  of  being  devoured.  Its  height  was  from  fifteen  to  twenty 
feet,  and  its  base  thirty  or  forty  feet  square.  Its  sides  inclined  like  the 
lower  part  of  a pyramid,  the  point  being  cut  olf  He  was  informed  that 
it  became  necessary  to  destroy  these  nests,  by  raising  a sufficient  force  to 
dig  a trench  all  round,  and  fill  it  with  fagots,  which  were  afterwards  set 
on  fire ; and  then  battering  with  cannon  from  a distance,  to  drive  the 
insects  out  and  make  them  run  into  the  flumes.  This  was  in  South  Ame- 
rica ; and  African  travellers  have  met  with  them  in  the  same  formidable 
numbers  and  strength. 

The  older  writers  of  books  upon  the  habits  of  some  animals  abound  with 
stories  which  may  be  of  doubtful  credit.  But  the  facts  now  stated,  respect- 
mg  the  Ant  and  Bee,  may  be  relied  on  as  authentic.  They  are  the  result 
of  very  late  observations,  and  experiments  made  with  great  accuracy  by 
several  most  worthy  and  intelligent  men;  and  the  greater  part  of  them 
have  the  confirmation  arising  from  more  than  one  observer  having  assisted 
in  the  inquiries  *,  The  habits  of  Btaven  are  equally  well  authenticated, 
and,  being  more  easily  observed,  are  vouched  by  a greater  number  of 
witnesses.  These  animals,  as  if  to  enable  them  to  live  and  move  cither 
on  land  or  water,  have  two  web-feet  like  tltose  of  ducks  or  water  ilogs, 
and  two  like  those  of  land  animals.  When  they  wish  to  construct  u dwell- 
ing place,  or  rather  city,  for  it  serves  the  whole  body,  they  choose  a level 
groand  with  a stream  running  through  it;  they  then  dam  up  the  stream 
so  as  to  make  a pond,  and  perform  the  operation  as  skilfully  os  we  could 

• A singular  CHVunutance  occasioned  this  in  the  case  of  Mr,  Huher,  by  far  the  most  emi* 
nenl  of  these  nataraliita ; be  was  quite  blind,  and  performed  all  his  experunents  by  means  o( 
assistants,  ^ 
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ourselves.  Next  they  drive  into  the  ground  stakes  of  five  or  six  feet  long 
ill  rows  wattling  each  row  with  twigs,  and  puddling  or  filling  the  inter 
slices  with  clay  which  they  ram  close  in,  so  as  to  make  the  whole  solid 
and  water-tight.  Tliis  dam  is  likewise  shaped  on  the  truest  principles; 
for  the  upper  side  next  the  water  slopes  and  the  side  below  is  perpen- 
dicular ; the  base  of  the  dam  is  ten  or  twelve  feet  thick ; the  top  or  nar- 
row part  two  or  three,  and  it  is  sometimes  as  long  as  one  hundred  feet  *. 
The  pond  being  thus  formed  and  secured,  they  make  their  houses  round 
the  edge  of  it ; they  are  cells,  with  vaulted  roofs,  and  upon  piles ; they 
are  made  of  stones  earth,  and  sticks ; the  walls  are  two  feet  thick,  and 
plastered  as  neatly  as  if  the  trowel  had  been  used.  Sometimes  they  have 
two  or  three  stories  for  retreating  to  in  case  of  floods ; and  they  always 
have  two  doors,  one  towards  the  water,  and  one  towards  the  land.  They 
keep  their  winter  provisions  in  stores,  and  bring  them  out  to  use ; they 
make  their  beds  of  moss ; they  live  on  the  bark  of  trees,  gums,  and  craw- 
fish. £ach  house  holds  from  twenty  to  thirty,  and  tliere  may  be  from 
ten  to  twenty-five  houses  in  all.  Some  of  their  communities  are  larger 
than  others,  but  there  are  seldom  fewer  than  two  or  three  hundred  inha- 
bitants. In  working,  they  all  bear  their  shares ; some  gnaw  the  trees 
and  branches  with  their  teeth  to  form  stakes  and  beams;  others  roll 
the  pieces  to  the  water ; others,  diving,  make  holes  with  their  teeth  to 
place  the  piles  in ; others  collect  and  carry  stones  and  clay ; others  beat 
and  mix  the  mortar ; and  others  carry  it  on  their  broad  tails,  and  with 
these  beat  it  and  plaster  it.  Some  superintend  the  rest,  and  make  signals 
by  sharp  strokes  with  their  tail,  which  are  carefully  attended  to ; tlie  bea- 
vers hastening  to  the  place  where  they  are  wanted  to  work,  or  to  repair 
any  hole  made  by  the  water,  or  to  defend  themselves  or  make  their  escape, 
when  attacked  by  an  enemy. 

The  fitness  of  dilferent  animals,  by  their  bodily  structure,  to  the  cir- 
cumstances ill  which  they  are  found,  presents  an  endless  subject  of  curious 
inquiry  and  pleasing  contemplation.  Thus,  the  Camel,  which  lives  in 
sandy  deserts,  has  broad  spreading  hoofs  to  support  him  on  the  loose 
soil ; and  an  apparatus  in  his  body  by  which  water  is  kept  for  many  days, 
to  be  used  when  no  moisture  can  be  had.  As  this  would  be  useless  in 
the  neighbourhood  of  streams  or  wells,  and  as  it  would  be  equally  so  in 
the  desert  where  no  water  is  to  be  found,  there  can  be  no  doubt  that  it  is 
intended  to  assist  in  journeying  across  the  sands  from  one  watered  spot 
to  another.  There  is  a singular  and  beautiful  provision  made  in  this  ani- 
mal's foot,  for  enabling  it  to  sustain  the  fatigue  of  journeys  under  the 
pressure  of  its  great  weight.  Beside  the  yielding  of  the  bones  and  liga- 
ments, or  bindings,  which  gives  elasticity  to  the  foot  of  the  deer  and  other 
animals,  there  is  in  tlie  Camel’s  foot,  between  the  horny  sole  and  the 
bones,  a cushion,  like  a ball,  of  soft  matter,  almost  fluid,  but  in  which 
there  is  a mass  of  threads  extremely  elastic,  interwoven  with  the  pulpy 
substance.  The  cushion  thus  easily  changes  its  shape  when  pressed,  yet 

* If  the  base  U twelve,  end  the  lop  three  feet  thick,  and  the  height  six  feet,  the  face  must 
be  the  side  of  a right-angled  triangle,  whose  height  is  eight  feet.  This  would  be  the  exact 
proportion  which  there  ought  to  be,  upon  mathematical  principles,  to  give  the  greatest  resis- 
tance possible  to  the  water  in  its  tendency  to  turn  the  dam  round,  provided  the  materials  of 
which  it  is  made  were  lighter  than  water  in  the  proportion  of  44  to  100.  But  the  malcriats 
arc  probably  more  than  twice  a,  heavy  as  water,  and  the  form  of  so  Oat  a dike  is  taken,  in  all 
likelihood,  tn  order  to  guard  against  a more  imminent  danger — that  of  the  dam  being  carried 
away  by  being  shoved  forwards.  We  cannot  calculate  what  the  proportions  are  which  give 
the  greatest  possible  resistance  to  this  tendency,  without  knowing  the  tenacity  of  the  mate 
rials,  as  well  as  their  speciOc  gravity.  It  may  very  probably  be  found  that  the  construction 
is  such  as  to  secure  the  most  completely  against  tne  two  pressures  at  the  same  lime. 
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it  hats  such  an  elastic  tprinff,  that  the  bones  of  Uie  foot  press  on  it  unin 
jiired  bjr  the  heavy  body  which  tiiey  support,  and  tliis  huge  animal  steps 
as  softly  os  a cat. 

Nor  need  we  flee  to  the  desert  in  order  to  witness  an  example  of  skilful 
structure : the  limbs  of  the  Hortt  display  it  strikingly.  The  bones  of  the 
foot  are  not  placed  directly  under  the  weight ; if  they  were  in  an  upright 
position  they  would  moke  a ftrin  pillar,  and  every  motion  would  cause  a 
shock.  They  are  placed  slanting  or  oblique,  and  tied  together  by  an  elas- 
tic binding  on  their  lower  surfaces,  so  as  to  form  springs  as  exact  as 
those  which  we  make  of  leather  and  steel  for  carriages.  Then  the  flatness 
of  the  hoof  which  stretches  out  on  each  aide,  and  the  frog  coming  down  in 
the  middle  between  the  quarters,  adds  greatly  to  the  elastieity  of  the 
machine.  Ignorant  of  this,  ill-informed  farriers  nail  the  shoe  in  such  a 
manner  as  to  fix  the  quarters,  and  cause  permanent  contraction  of  the 
bones,  ligaments,  and  hoof — so  that  the  elasticity  is  destroyed ; every  step 
is  a shock ; inflammation  and  lameness  ensue  *. 

The  Rein-deer  inhabits  a country  covered  witli  snow  tlie  greater  part  of 
the  year.  Observe  how  admirably  its  hoof  is  formed  for  going  over  that 
cold  and  light  substance,  without  sinking  in  it,  or  being  frozen.  The 
under  side  is  covered  entirely  with  hair,  of  a warm  and  dose  texture ; and 
the  hoof,  altogetlier,  is  very  broad,  acting  exactly  like  the  snow-shoes 
which  men  have  constructed  for  giving  them  a larger  space  to  stand  on 
than  their  feet,  and  thus  avoid  sinking.  Moreover,  the  deer  spreads  tlie 
hoof  as  wide  as  possible  when  it  touches  the  ground ; but,  as  this  breadth 
would  be  inconvenient  in  the  air,  by  occasioning  a greater  resistance  while 
he  is  moving  along,  no  sooner  does  he  lift  the  hoof  than  the  two  parts 
into  which  it  is  cloven  fall  together,  and  so  lessen  the  surface  exfmsed  to 
tlie  air,  juntas  we  may  recollect  the  birds  doing  with  their  bodies  and 
wiiqpi.  The  shape  and  structure  of  the  hoof  is  also  well  adapted  to  scrape 
away  the  snow,  and  enable  the  animal  to  get  at  the  particular  kind  of  muss 
(or  Ucheit)  on  which  he  leeda.  This  plant,  unlike  others,  is  in  its  full 
growth  during  the  winter  season ; and  the  llein-deer  accordingly  thrives, 
from  its  abundance,  at  the  season  of  his  greatest  use  to  man,  uotwithstand- 
iug  the  unfavourable  effects  of  extreme  cold  upou  tlie  animal  system. 

There  are  some  insects,  of  which  tlie  males  have  wings,  and  the  females 
Me  grubs  or  worms.  Of  these,  the  Gloio-toorm  is  the  most  remarkable  • 
it  is  the  female ; and  tlie  male  is  a fly,  which  would  be  unable  to  find  her 
out,  creeping  as  she  does  in  the  dark  lanes,  but  for  the  shining  light  wliich 
she  gives,  to  attract  him. 

Tliere  is  a singpilar  fish  found  in  the  Mediterranean,  called  the  Nauti- 
liu,  from  its  skill  in  navigation.  The  back  of  its  shell  resembles  the  bulk 
of  a ship ; on  this  it  throws  itself,  and  spreads  two  thin  membranes  to 
serve  for  two  sails,  paddling  itself  on  with  its  feet,  or  feelers,  as  oars. 

The  Ostrich  lays  and  hatches  her  eggs  in  the  sands : her  form  being 
ill  adapted  for  sitting  on  them,  she  has  a natural  oven  furnished  by  the 
sand,  and  the  strong  heat  of  the  sun.  The  Cuckoo  is  known  to  build  no 
nest  for  herself,  but  to  lay  in  the  nests  of  other  birds ; but  late  observa- 
tions show  tliat  she  does  not  lay  indiscriminately  in  the  nests  of  all  birds ; 
she  only  chooses  tlie  nests  of  tliose  which  have  bills  of  the  same  kind  with 
herself,  and  therefore  feed  on  the  same  kind  of  food.  Tlie  Duck,  and 
birds  breeding  in  muddy  places,  have  a peculiar  formation  of  the 
bill : it  is  both  made  so  as  to  act  like  a strainer,  separating  the  finer  from 
the  grosser  parts  of  the  liquid,  and  it  is  more  furnished  with  nerves  near 

• Mr.  Bruay  Clsrk  bu  contriTcd  an  expanding  ihoe,  which,  by  a joint  in  Bronl,  opens  and 
CMlTAcUy  10  M to  obTlfttt  the  enif  of  tho  comoxoa  procon* 
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the  point  than  the  bills  of  birds  which  feed  on  substances  more  exposed 
to  the  light ; so  that  being  more  sensitive,  it  serves  better  to  grope  in  the 
dark  stream  for  food.  The  bill  of  the  Snipe  is  covered  with  a curious 
net  work  of  nerves  for  the  same  purpose ; but  the  most  singular  provision 
of  this  kind  is  observed  in  a bird  called  the  Toucan,  or  Egg-tucker,  which 
chiefly  feeds  on  the  eggs  found  in  birds’  nests,  and  in  countries  where 
these  are  very  deep  and  dark.  Its  bill  is  broad  and  long ; when  exa- 
mined, it  appears  completely  covered  with  branches  of  nerves  in  all  direc- 
tions ; so  that,  by  groping  in  a deep  and  dark  nest  it  can  feel  its  way  as 
accurately  as  the  finest  and  most  delicate  finger  could.  Almost  all  kinds 
of  birds  build  their  nests  of  materials  found  where  they  inhabit,  or  use  the 
nests  of  other  birds ; but  the  Swallow  of  Java  lives  in  rocky  caverns  on 
the  sea,  where  there  arc  no  materials  at  all  for  the  purpose  of  building. 
It  is  therefore  so  formed  as  to  secrete  in  its  body  a kind  of  slime  witli 
which  it  makes  a nest,  much  prized  as  a delicate  food  in  Eastern  comi- 
tries. 

Plants,  in  many  remarkable  instances,  are  provided  for  by  equally  won- 
derful and  skilful  contrivances.  ITiere  is  one,  the  Mutcipula,  Fly-trap, 
or  Fly-catcher,  which  has  small  prickles  in  the  inside  of  two  leaves,  or  half 
leaves,  joined  by  a hinge  ; a juice  or  syrup  is  provided  on  their  inner  sur 
face,  which  acts  as  a bait  to  allure  flics.  Tliere  are  several  small  spines 
or  prickles  standing  upright  in  tliis  syrup,  and  upon  the  only  part  of  each 
leaf  that  is  sensitive  to  the  touch.  When  the  fly,  therefore,  settles  upon 
this  part,  its  touching,  as  it  were,  the  spring  of  the  trap,  occasions  the 
leaves  to  shut,  anil  kill  and  squeeze  the  insect ; whose  juices  and  the  air 
arising  from  their  rotting  serve  as  food  to  the  plant. 

In  the  West  Indies,  and  other  hot  countries  of  South  America,  where 
rain  sometimes  does  not  fUll  for  a great  length  of  time,  a kind  of  plant 
called  the  IFild-pine  grows  upon  the  branches  of  the  trees,  and  also  on 
the  bark  of  the  trunk.  It  has  hollow  or  bag-like  leaves  so  formed  as  to 
make  little  reservoirs  of  water,  the  rain  falling  into  them  through  channels 
which  close  at  the  top  when  full,  and  prevent  it  from  evaporating.  The 
seed  of  this  useful  plant  has  small  floating  threads,  by  which,  when  carried 
through  the  air,  it  catches  any  tree  in  the  way,  and  falls  on  it  and  grows. 
Wherever  it  takes  root,  though  on  the  under  side  of  a bough,  it  grows 
straight  upwards,  otherwise  the  leaves  would  not  hold  water.  It  holds  in 
one  leaf  from  a pint  to  a quart ; and  although  it  must  be  of  great  use  to 
the  trees  it  grows  on,  to  birds  and  other  animals  its  use  is  even  greater. 
“ When  we  find  these  pines,”  says  Damjrier,  the  famous  navigator, 
“ we  stick  our  knives  into  the  leaves  just  above  the  root,  and  the  water 
gushing  out,  we  catch  it  in  our  hats,  as  I myself  have  frequently  done  to 
my  great  relief.” 

Anotlicr  tree  called  the  fk'alcr-with,  in  Jamaica,  has  similar  uses:  it  is 
like  a vine  in  size  and  shape,  and  though  growing  in  parched  districts,  is 
yet  so  full  of  clear  sap  or  water,  that,  by  cutting  a )>iece  two  or  three  yards 
long,  and  merely  hohliug  it  to  the  mouth,  a plentiful  draught  is  obtained. 
In  the  East  there  is  a plant  somewhat  of  the  same  kind,  called  the  licjuco, 
which  grows  near  other  trees  and  twines  round  them,  with  its  end  hang- 
ing downwards,  but  so  full  of  juice,  that,  on  cutting  it,  a good  stream  of 
water  spouts  from  it ; and  this,  not  only  by  the  stalk  touching  the  tree  so 
closely  must  refresh  it,  but  afl'ords  a supply  to  animals,  and  to  the  weary 
herdsman  on  the  mountains.  Another  plant,  the  Ncpenlhct  DisiHlatoria, 
is  found  in  the  same  regions,  with  a yet  more  singular  structure.  It  has 
natural  mugs  or  tankards  hanging  from  its  leaves,  and  holding  each  from 
a pint  to  a quart  of  very  pure  water.  Two  singular  provisions  arc  to  be 
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marked  in  this  vegetable.  There  grows  over  the  mouth  of  the  tankard,  a 
leaf  nearly  its  size  and  shape,  like  a lid  or  cover,  which  prevents  evapora- 
tion from  the  sun’s  rays ; and  the  water  tliat  fills  the  tankard  is  perfectly 
sweet  and  clear,  although  the  ground  in  which  the  plant  grows  is  a marsh 
of  the  most  muddy  and  unwholesome  kind.  The  process  of  vegetation 
filtrates  or  distils  the  liquid,  so  as  to  produce,  from  the  worst,  the  purest 
water  •.  The  Palo  de  Vaco,  or  cow-tree,  grows  in  South  America,  upon 
the  most  dry  and  rocky  soil,  and  in  a climate  where  fur  months  not  a droji 
of  rain  falls.  On  piercing  the  trunk,  however,  a sweet  and  nourishing 
milk  is  obtained,  which  the  natives  gladly  receive  in  large  bowls.  If 
some  plants  thus  furnish  drink,  where  it  might  least  be  expected,  others 
prepare,  as  it  were,  in  the  desert,  the  food  of  man  in  abundance.  A single 
Tapioca  tree  is  said  to  afford,  from  its  pith,  the  whole  sustenance  of  seve- 
ral men  fur  a season. 

V.  ADVANTAGES  AND  PLEASURES  OF  SCIENCE. 

After  the  many  instances  or  samples  which  have  now  been  given  of  the 
nature  and  objects  of  Natural  Science,  wo  might  proceed  to  a different 
field,  and  describe  in  the  same  way  the  other  grand  branch  of  Human 
knowledge,  that  which  teaches  the  properties  or  habits  of  Mind — the  in- 
UlUctval  facultia  of  man,  or  the  powers  of  his  understanding,  by  which 
he  perceives,  imagines,  remembers,  and  reasons  ; — his  moral  facullirs,  or 
the  feelings  and  passions  which  influence  him  ; — and,  lastly,  as  a conclu- 
sion or  result  drawn  from  the  whole,  his  dutiet  both  towards  himself  as  an 
individual,  and  towards  others  as  a member  of  society ; which  last  head 
opens  to  our  view  the  whole  doctrines  of  political  ncience,  including  the 
nature  of  governments,  of  policy,  and  generally  of  laws.  But  we  shall  ab- 
stain at  present  from  entering  at  all  upon  this  field,  and  shall  now  take  up 
the  subject  more  partictdarly  pointed  at  through  the  course  of  the  fore- 
going observations,  and  to  illustrate  which  they  have  been  framed, 
namely, — the  Use  and  Pleasure  of  Scientific  Studies. 

Man  is  composed  of  two  parts,  body  and  mind,  cohtieeted  indeed  toge- 
ther, but  wholly  different  from  one  another  The  nature  of  the  union 
— the  part  of  our  outward  and  visible  frame  in  which  it  is  peculiarly 
formed — or  whether  the  soul  be  indeed  connected  or  not  with  any  parti- 
cular portion  of  the  body,  so  as  to  reside  there — are  points  ns  yet  wholly 
hid  from  our  knowledge,  and  which  are  likely  to  remain  for  ever  concealed. 
But  this  we  know,  as  certainly  as  we  can  know  any  truth,  that  there  is 
such  a thing  as  the  Mind ; and  that  we  have  at  the  least  as  good  proof  of 
its  existence,  independent  of  the  Bmly,  as  we  have  of  the  existence  of  the 
Body  itself.  Each  has  its  uses,  and  each  has  its  peculiar  gratifications. 
The  bounty  of  Providence  has  given  us  outward  senses  to  be  employed, 
and  has  furnished  the  means  of  gratifying  them  in  various  kind,  and  in 
ample  measure.  As  long  as  we  only  taste  those  pleasures  according  to 
the  rules  of  prudence  and  of  our  duty,  that  is,  in  moderation  for  our  own 
Bakes,  and  iii  harmlessness  towards  our  neighbours,  we  fulfil  rather  than 
thwart  the  purpose  of  our  being.  But  the  same  bountiful  Providence  has 
endowed  us  with  the  higher  nature  also — with  understandings  as  well  as 
with  senses — with  faculties  that  are  of  a more  exalted  order,  and  admit  of 
more  refined  enjoyments,  than  any  to  which  the  bodily  frame  can  minister  ; 
and  by  pursuing  such  gratifications,  rather  than  those  of  mere  sense,  we 
fulfil  the  most  exalted  ends  of  our  creation,  and  obtain  both  a present  and 
a future  reward.  These  things  are  oflen  said,  but  they  are  not  therefore 

* A specimen  of  this  curious  pluit.  though  of  s small  size,  is  to  be  found  in  the  fins  coi 
lection  tt  Wentworth,  rested  by  Mr.  Cooper. 

n 


.1 

Digitized  ^005 


1 


S4  OBJECTS,  ADVANTAGES,  AND 

the  less  tnie,  or  the  less  worthy  of  deep  attention.  Let  us  mark  their 
practical  application  to  the  occupations  and  enjoyments  of  all  branches  of 
society,  bcffinning  with  those  who  form  tlie  great  bulk  of  every  community, 
tha  working  classes,  by  what  names  soever  their  vocations  may  be  call^ 
■ — professions,  arts,  trades  handicrafts,  or  common  labour. 

1.  The  first  object  of  every  man  who  has  to  depend  upon  his  own  e*- 
ertions  must  needs  be  to  provide  for  his  daily  wants.  This  is  a high  and 
important  office ; it  deserves  his  utmost  attention  ; it  includes  some  of  his 
most  sacred  duties,  both  to  himself,  his  kindred,  and  his  country ; and 
although.  In  performing  this  task,  he  is  only  influenced  by  a regard  to 
his  own  interest,  or  by  his  necessities,  yet  it  is  an  employment  which 
renders  him  truly  the  best  benefactor  of  the  community  he  belongs  to.  All 
other  pursuits  must  give  way  to  this ; the  hours  which  he  devotes  to 
learning  must  be  after  he  has  done  his  work  ; his  independence,  without 
which  he  is  not  fit  to  be  called  a man,  rerpiircs  first  of  all  that  he  should 
have  insured  for  himself,  and  those  dependent  on  him,  a comfortable  sub- 
sistence before  he  can  have  a right  to  taste  any  indulgence,  cither  of  his 
senses  or  of  his  mind ; and  the  more  he  Icarus — the  greater  progress  he 
makes  in  the  sciences — the  more  will  he  value  that  independence,  and  the 
more  will  he  prize  the  industry,  the  habits  of  regular  labour,  whereby 
be  is  enabled  to  secure  so  prime  a blessing. 

In  one  view,  it  is  true,  tlie  progress  wiiich  he  makes  in  science  may 
help  his  ordinary  exertions,  the  main  business  of  every  man’s  life.  There 
is  hardly  any  trade  or  occupation  in  which  useful  lessons  may  not  bo 
learnt  by  studying  one  science  or  another.  The  necessity  of  science 
to  the  more  liberal  professions  is  self-evident ; little  less  manifest  is  the 
use  to  their  members  of  extending  their  knowledge  beyond  the  branches 
of  study  with  w'hich  their  several  |)ursuits  arc  peculiarly  conversant.  But 
the  other  departments  of  industry  derive  hanfly  less  benefit  from  the  same 
source.  To  how  many  kinds  of  workmen  must  a knowledge  of  Mecha- 
nical Pliilosopby  be  useful  ! To  how  many  others  does  Chemistry  prove 
almost  necessary  1 Every  one  most  with  a glance  perceive  that  to  en- 
gineers, watch-makers,  instrument-makers,  bleachers,  and  dyers,  those 
sciences  are  most  useful,  if  not  necessary.  But  enfpenters  and  masons 
are  surely  likely  to  do  their  work  better  for  knowing  how  to  measure, 
which  Practical  Mathematics  teaches  them,  and  how  to  estimate  llio 
strength  of  timber,  of  walls,  and  of  arches,  which  they  learn  from  Prac- 
tical Mechanics ; and  they  who  work  in  various  metals  arc  certain  to  be 
the  more  skilful  in  their  trades  for  knowing  the  nature  of  those  substances, 
and  their  relations  to  both  heat  and  other  metals,  and  to  the  airs  and 
liquids  they  come  in  contact  with.  Nay,  tlie  farm-servant,  or  day-labourer, 
whether  in  his  master’s  employ,  or  tending  the  concerns  of  his  own  cot- 
tage, must  derive  great  practical  benefit, — mu-st  be  both  a better  servant, 
and  a more  thrifty,  and  therefore  comfortable,  cottager,  for  knowing  some- 
thing of  the  nature  of  soils  and  manures,  which  Chemistry  teaches,  and 
something  of  the  habiu  of  animals,  and  the  qualities  and  growth  of  plants, 
which  he  learns  from  Natural  History  and  Chemistry  together.  In  truth, 
tliough  a man  be  neither  mechanic  nor  peasant,  but  only  one  having  a pot 
to  boil,  he  is  sure  to  learn  from  science  lessons  which  will  enable  him  to 
cook  his  morsel  better,  save  his  fuel,  and  both  vary  his  dish  and  improve 
it.  The  art  of  good  and  cheap  cookery  is  intimately  connected  with  the 
principles  of  chemical  philosophy,  and  has  received  much,  and  will  yet  re- 
ceive more,  improvement  from  tlicir  application.  Nor  is  it  enough  to  say 
tliat  philosophers  may  discover  all  that  is  wanteil,  and  may  invent  practi- 
cal metliods,  which  it  is  sufficient  for  the  working  man  to  learn  by  rote,  with- 
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out  knowinfr  the  principles,  lie  never  will  work  so  well  if  lie  is  ignorant 
of  the  principles ; and  Ibr  a plain  reason : — if  he  only  learn  his  lesson  by 
"Dte,  Uie  least  change  of  eircumstonees  puts  him  out.  Be  the  method  ever 
su  general,  eases  will  always  arise  in  which  it  must  be  varied  in  order  to 
apply  ; and  if  the  workman  only  knows  tlie  rule  without  knowing  the 
reason,  he  must  be  at  fault  the  moment  he  is  required  to  make  any  new 
application  of  it.  This,  then,  is  the^nf  use  of  learning  the  principles  of 
science : it  makes  men  more  skilful,  expert,  and  useful  in  tlie  particular 
kinds  of  work  by  which  they  are  to  earn  their  bread,  and  by  which  tliey 
are  to  make  it  go  far  and  taste  well  when  earned. 

2.  But  another  use  of  such  knowledge  to  handicraftsmen  is  equally 
obvious ; it  gives  every  man  a chance,  according  to  hia  natural  talents,  of 
becoming  an  improver  of  the  art  he  works  at,  and  even  a discoverer  in  the 
nciences  connected  with  it.  He  is  daily  handling  the  tools  and  materials 
with  which  new  experiments  are  to  be  made;  and  daily  witnessing  Uie 
operations  of  nature,  whether  in  the  motions  and  pressures  of  bodies,  or 
in  their  chemical  actions  on  each  other.  All  opportunities  of  making  ex- 
periments must  be  unimproved,  all  appearances  must  pass  unobserved,  if 
he  has  no  knowledge  of  the  principles ; but  with  this  knowledge  he  is 
more  likely  than  another  person  to  strike  put  something  new  which  may 
be  useful  in  art,  or  curious  or  interesting  in  science.  Very  few  great  dis- 
coverics.have  been  made  by  chance  and  by  ignorant  persons,  much  fewer 
than  is  generally  supposed.  It  is  commonly  told  of  the  steam-engine, 
that  an  idle  boy  being  employed  to  stop  and  open  a valve,  saw  that  he 
conid  save  himself  the  trouble  of  attending  and  watching  it,  by  fixing  a 
plug  upon  a part  of  the  machine  which  came  to  the  place  at  the  proper 
times,  in  consequence  of  the  general  movement.  This  is  possible,  no 
doubt ; though  nothing  very  certain  is  known  respecting  the  origin  of  the 
story  ; but  improvements  of  any  value  are  very  seldom  indeed  so  easily 
found  out,  and  hardly  another  instance  can  be  named  of  important  disco- 
veries so  ]>urely  accidontal.  They  are  yreiierally  made  by  persons  ot  com- 
petent knowledge,  and  who  are  in  search  of  them.  The  improvemenOi  of 
the  steam-engine  by  Watt  resulted  from  the  most  learned  investigation  of 
mathematical,  mechanical,  and  chemical  truths.  Arkwright  devoted  many 
years,  five  at  the  least,  to  his  invention  of  spinning  jennies,  and  he  was  a 
man  perfectly  conversant  in  every  thing  that  relates  to  the  construction  of 
machinery : he  had  minutely  examined  it,  and  knew  the  eflccts  of  each 
part,  though  he  had  not  received  any  thing  like  a scientific  education.  If 
he  had,  we  should  in  all  probability  have  been  indebted  to  him  for  scien- 
tific discoveries,  as  well  as  practical  improvements.  The  most  beautiful 
and  useful  invention  of  late  times,  the  Safety-lamp,  was  the  reward  of  o 
aeries  of  philosophical  experiments  made  by  one  thoroughly  skilled  in 
every  branch  of  chemical  science.  The  new  process  of  Refining  Sugar, 
by  which  more  money  has  been  made  in  a shorter  time,  and  with  less  risk 
and  trouble,  than  was  ever  perhaps  gained  from  an  invention,  wej  disco- 
vered by  a most  accomplished  chemist  *,  and  was  the  fruit  of  a long  course 
of  experiments,  in  the  progress  of  which,  known  philosophical  principles 
Were  constantly  applied,  and  one  or  two  new  principles  ascertained.  But 
.n  so  fur  as  chance  has  anything  to  do  with  discovery,  surely  it  is  worth 
the  while  of  those  who  are  constantly  working  in  particular  employments 
to  obtain  the  knowledge  required,  because  their  chances  are  greater  than 
other  people’s  of  so  applying  that  knowledge  as  to  hit  upon  new  and  usefttl 
ideas : they  wm  alwaya  in  the  way  of  perceiving  what  is  wanting,  or  what 
is  amiss  in  the  old  methods ; and  they  have  a better  chance  of  making  the 
• ^wud  Howard,  taother  of  the  Duke  of  Norfolk. 
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improTcments.  In  a word,  to  use  a common  expression,  they  are  in  the 
way  of  good  luck ; and  if  they  possess  the  requisite  information,  they  can 
take  advantage  of  it  when  it  comes  to  them.  Tliis,  then,  is  the  second 
great  use  of  learning  the  sciences  : it  enables  men  to  make  improvements 
in  the  arts,  and  discoveries  in  philosophy,  which  may  directly  benefit  them- 
selves and  mankind. 

3.  Now,  these  are  the  practical  advantages  of  learning ; but  the  Mrd 
benefit  is,  when  rightly  considered,  just  as  practical  as  the  other  two — the 
pleasure  derived  from  mere  knowledge,  without  any  view  to  our  own 
bodily  enjoyments ; and  this  applies  to  all  classes,  the  idle  as  well  as  the 
industrious,  if,  indeed,  it  be  not  peculiarly  applicable  to  those  who  enjoy 
the  inestimable  blessing  of  having  time  at  their  command.  Every  man  is 
by  nature  endowed  with  the  power  of  gaining  knowledge ; and  the  taste 
for  it,  the  capacity  to  be  pleased  with  it,  forms  equally  a part  of  the  na- 
tural constitution  of  his  mind.  It  is  his  own  fault,  or  the  fault  of  his  edu- 
cation, if  he  derives  no  gratification  from  it.  There  is  a satisfaction  in 
knowing  what  others  know — in  not  being  more  ignorant  than  those  we 
live  with  : there  is  a satisfaction  in  knowing  what  others  do  not  know — 
in  being  more  informed  than  they  are.  But  this  is  quite  independent  of 
the  pure  pleasure  of  knowledge — of  gratifying  a curiosity  Implanted  in  us 
by  Providence,  to  lead  us  towards  the  better  understanding  of  the  universe 
in  which  our  lot  is  cast,  and  the  nature  wherewithal  we  arc  clotlied.  That 
every  man  is  capable  of  being  delighted  with  extending  his  information 
upon  matters  of  science  will  ^ evident  from  a few  plain  considerations. 

Reflect  how  many  parts  of  the  reading,  even  of  persons  ignorant  of  all 
sciences,  refer  to  matters  wholly  unconnected  with  any  interest  or  ad- 
vantage to  be  derived  from  the  knowledge  acquired.  Every  one  is  amused 
with  reading  a story : a romance  may  divert  some,  and  a fairy  tale  may 
entertain  others  ; but  no  benefit  beyond  the  amusement  is  derived  from 
this  source  : the  imagination  is  gratified ; and  we  willingly  spend  a good 
deal  of  time  and  a little  money  in  this  gratification,  rather  than  in  resting 
after  fatigue,  or  in  any  other  bodily  in(lnls*t>f'<^'  we  read  a newspaper, 
without  any  view  to  the  advantage  we  are  to  gain  firon^Ieandng  flie  news, 
but  because  it  interests  and  amuses  us  to  know  what  is  passing.  One 
object,  no  doubt,  is  to  become  acquainted  with  matters  relating  to  the 
welfare  of  the  country ; but  we  also  read  the  occurrences  which  do  little 
or  not  at  all  regard  the  public  interests,  and  we  take  a pleasure  in  reading 
them.  Accidents,  adventures,  anecdotes,  crimes,  and  a variety  of  other 
things  amuse  us,  independent  of  the  information  respecting  public  affairs, 
in  which  we  feet  interested  as  citizens  of  the  state,  or  as  members  of  a 
particular  body.  It  is  of  little  importance  to  inquire  bow  and  why  these 
things  excite  our  attention,  and  wherefore  the  reading  about  them  is  a 
pleasure  : the  fact  is  certain ; and  it  proves  clearly  that  there  is  a positive 
enjoyment  in  knowing  what  we  did  not  know  before : and  this  pleasure  is 
greatly  increased  when  the  information  is  such  as  excites  our  surprise, 
wonder,  or  admiration.  Most  persons  who  take  delight  in  reading  tales 
of  ghosts,  which  they  know  to  be  false,  and  feel  all  the  while  to  be  silly 
in  the  extreme,  are  merely  gratified,  or  rather  occupied,  with  the  strong 
emotions  of  horror  excited  by  the  momentary  belief,  for  it  can  only  last  lui 
instant.  Such  reading  is  a degrading  waste  of  precious  time,  and  has 
even  a bad  effect  upon  the  feelings  and  the  judgment,*  But  true  stories 
of  horrid  crimes,  as  murders,  and  pitiable  misfortunes,  as  shipwrecks,  arc 

* CAtVt^ens*  Books  have  at  all  times  been  made  upon  the  pernicious  plan  of  exciting  won* 
Her,  generally  horror,  at  whatever  risk.  The  folly  and  misery  occasioned  by  Utis  error  it  woula 
be  difficult  to  eatimate.  The  time  may  come  when  it  will  be  fell  and  undentuod.  At  present 
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not  much  mors  instructive.  It  may  be  better  to  read  these  than  to  sit 
yawning  and  idle — much  better  than  to  ait  drinking  or  gaming,  which, 
when  carried  to  the  least  excess,  are  crimes  in  themselves,  and  the  fruitful 
parents  of  many  more.  But  this  is  nearly  as  much  as  can  be  said  for 
such  vain  and  unprofitable  reading.  If  it  be  a pleasure  to  gratify  curiosity, 
to  know  what  we  were  ignorant  of,  to  have  our  feelings  of  wonder  called 
*brth,  how  pure  a delight  of  this  very  kind  does  Natural  Science  hold  out 
to  its  students  ! Recollect  some  of  the  extraordinary  discoveries  of  Me- 
chanical Philosophy.  How  wonderful  are  the  laws  that  regulate  the  mo- 
tions of  fluids ! Is  there  any  thing  in  all  the  idle  books  of  tales  and  hor- 

rors more  truly  astonishing  than  the  fact,  that  a few  pounds  of  water  may, 
by  mere  pressure,  without  any  machinery — by  merely  being  placed  in  a 
particular  way,  produce  an  irresistible  force?  Wbat  can  be  more  strange, 
than  that  un  ounce  weight  should  balance  hundreds  of  pounds,  by  the  in- 
tervention of  a few  bars  of  thin  iron  ? Observe  the  extraordinary  truths 
which  Optical  Science  discloses.  Can  any  thing  surprise  us  more,  than 
to  find  that  the  colour  of  white  is  a mixture  of  all  others — that  red,  and 
blue,  and  ppaen,  and  all  the  rest,  merely  by  being  blended  in  certain  pro- 
portions, form  what  we  had  fancied  rather  to  be  no  colour  at  all,  than  all 
colours  together  ? Chemistry  is  not  behind  in  its  wonders.  That  the 
diamond  should  be  made  of  the  same  material  with  coal ; that  water  should 
be  chiefly  composed  of  an  inflammable  substance  : that  acids  should  be, 
for  the  most  part,  formed  of  different  kinds  of  air,  and  that  one  of  those 
acids,  whose  strength  can  dissolve  almost  any  of  the  metals,  should  consist 
of  the  self-same  ingredients  with  the  common  air  we  breathe  ; that  salts 
should  be  of  a metallic  nature,  and  composed,  in  great  part,  of  metals, 
fluid  like  quicksilver,  but  lighter  than  water,  and  which,  without  any 
heating,  take  fire  upon  being  exposed  to  the  air,  and  by  burning  form  the 
substance  so  abounding  in  saltpetre  and  in  the  ashes  of  burnt  wood  r — 
these,  surely,  are  things  to  excite  the  wonder  of  any  reflecting  mind — 
nay,  of  any  one  but  little  accustomed  to  reflect.  And  yet  these  are  trifling 
when  compared  to  the  prodigies  which  Astronomy  opens  to  our  view  : the 
enormous  masses  of  the  heavenly  bodies  ; their  immense  distances ; their 
countless  numbers,  and  their  motions,  whose  swiftness  mocks  the  utter- 
most efforts  of  the  imagination. 

Akin  to  this  pleasure  of  contemplating  new  and  extraordinary  truths,  i.s 
the  gratification  of  a more  learned  curiosity,  by  tracing  resemblances  and 
relations  between  things  which,  to  common  apprehension,  seem  widely 
diflerent.  Mathematical  science,  to  thinking  minds,  affords  this  pleasure 
in  a high  degree.  It  is  agreeable  to  know  that  the  three  angles  of  every 
triangle,  whatever  be  its  size,  howsoever  its  sides  may  be  inclined  to  each 
other,  are  always,  of  necessity,  when  taken  together,  the  same  in  amount : 
that  any  regular  kind  of  figure  whatever,  upon  the  one  side  of  a right- 
angled  triangle,  is  equal  to  the  two  figures  of  the  same  kind  upon  the  two 
other  shies,  whatever  be  the  size  of  the  triangle : that  the  properties  of 
an  oval  curve  are  extremely  similar  to  those  of  a curve,  which  appears  the 
■east  like  it  of  any,  consisting  of  two  branches  of  infinite  extent,  with 
their  backs  turned  to  each  other.  To  trace  such  unexpected  re.sem- 
biances  is,  indeed,  the  object  of  all  philosophy ; and  experimental  science, 
in  particular,  is  occupied  with  such  investigations,  giving  us  general 
views,  and  enabling  us  to  explain  the  appearances  of  nature,  that  is,  to 
show  how  one  appearance  is  connected  with  another.  But  we  are  now 
considering  only  iJie  gratification  derived  from  learning  these  things. 

the  inveterate  htbiu  ot  pueoU  and  nursei  prevent  children  from  benefitling  by  the  excellant 
lassoiii  of  Mrs.  Barheald  end  Miw  Edgeworth, 
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It  is  siuely  a satisfaction,  for  instance,  to  know  that  the  same  thing,  or 
motijn,  or  whatever  it  is,  which  causes  the  sensation  oPheat,  causes  also 
fluidity,  and  expands  bodies  in  all  directions ; that  electricity,  the  light 
which  ift  seen  on  the  back  of  a cat  when  slightly  nibbed  on  a frosty  eren- 
Mtg,  is  the  very  same  matter  with  the  lightning  of  the  clouds; — that 
plants  breathe  like  ourselves,  but  diflerent^  by  day  and  by  night ; — tha*. 
the  air  which  burns  in  our  lamps  enables  a balloon  to  mount,  and  causea 
the  globules  of  tlie  dust  of  plants  to  rise,  float  through  tlie  air,  and  con- 
tinue their  race;^in  a word,  is  the  immediate  cause  of  vegetation. 
Notliing  can  at  first  view  appear  less  like,  or  less  likely  to  be  caused  by 
the  same  thing,  than  the  processes  of  burning  and  of  breathing, — the  rust 
of  metals  and  burning, — an  acid  and  rust, — the  influence  of  a plant  on 
the  air  it  grows  in  by  night,  and  of  an  animal  on  the  same  air  at  any 
time,  nay,  and  of  a body  burning  in  that  fir ; and  yet  all  these  are  the 
same  operation.  It  is  an  undeniable  fact,  that  the  very  same  thing  which 
makes  flie  fire  bum,  makes  metals  rust,  forms  acids,  and  enables  plants 
and  animals  to  breathe ; that  these  operations,  so  unlike  to  common  eyes, 
when  examined  by  the  light  of  science,  are  the  same, — the  rusting  of 
metals, — the  formation  of  acids, — the  burning  of  inflammable  bodies,— 
tbe  breathing  of  animals, — and  the  growth  of  plants  by  night.  To  know 
this  is  a positive  gratincation.  Is  it  not  pleasing  to  find  the  same  sub- 
stance in  various  situations  extremely  unlike  each  other; — to  meet  with 
fixed  air  as  the  produce  of  burning,  of  breathing,  and  of  vegetation ; — to 
find  tliat  it  is  the  choke-damp  of  mines,  the  bad  air  in  the  grotto  at 
Naples,  the  cause  of  death  in  neglecting  brewers’  vats,  and  of  the  brisk 
and  acid  flavour  of  Seltzer  and  other  mineral  springs?  Nothing  can  be 
less  like  than  the  working  of  a vast  steam-engine,  of  the  old  construction, 
and  the  crawling  of  a fly  upon  the  window.  Yet  we  find  that  tliese  two 
operations  are  performed  by  the  same  means,  the  weight  of  the  ntmos- 
]ihere,  and  that  a sea-horse  climbs  the  ice-hills  by  no  other  power.  Can 
anytliing  be  more  strange  to  contemplate  ? Is  there  in  all  the  fairy-tales 
that  ever  were  fancied  anything  more  calculated  to  arrest  the  attention 
and  to  occupy  and  to  gratify  the  mind,  than  this  most  unexpected  resem- 
blance between  things  so  unlike,  to  the  eyes  of  ordinary  beholders? 
What  more  pleasing  occupation  than  to  see  uncovered  and  bared  before 
our  eyes  the  very  instrument  and  the  process  by  which  Nature  works  ? 
Tlien  V/  C raise  our  views  to  the  structure  of  the  heavens ; and  are  again 
gratified  with  tracing  accurate  but  most  unexpected  resemblances.  Is  it 
not  in  the  highest  degree  interesting  to  find,  that  the  power  which  keeps 
Uiis  earth  in  its  shape,  and  in  its  path,  wheeling  upon  its  axis  and  round 
the  sun,  extends  over  all  the  other  worlds  that  compose  the  universe,  and 
gives  to  each  its  proper  place  and  motion;  that  this  same  power  keeps 
the  moon  in  her  |>uth  round  our  earth,  and  our  cartk  in  its  path  round 
the  sun,  and  each  planet  in  its  path ; that  the  same  power  causes  the 
tides  upon  our  globe,  and  the  peculiar  form  of  the  globe  itself ; and  that, 
aAei  all,  it  is  the  same  power  which  makes  a stone  fall  to  the  ground? 
To  learn  these  things,  and  to  reflect  upon  them,  occupies  the  faculties, 
fills  Uie  mind,  and  produces  certain  as  well  as  pure  gratification. 

But  if  the  knowledge  of  the  doctrines  unfolded  by  science  is  pleasing, 
so  is  the  being  able  to  trace  the  steps  by  which  those  doctrines  arc  in- 
vestigated, and  their  truth  demonstrated ; indeed  you  cannot  be  said,  in 
any  sense  of  the  word,  to  have  learnt  them,  or  to  know  them,  if  you  have 
not  so  stndicd  them  as  to  perceive  how  they  are  proved.  Without  this 
you  never  can  expect  to  remember  tliem  long,  or  to  understand  them  ac- 
curately ; and  that  would  of  itself  be  reason  enough  for  examining  closely 
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the  groimdg  they  rest  on.  But  there  Is  the  highest  gratification  of  alt,  in 
being  able  to  see  distinctly  those  grounds,  so  as  to  be  satisfied  tliat  a, 
belief  in  the  doctrines  is  well  founded.  Hence  to  follow  a demonstration 
of  a grand  mathematical  truth — to  perceive  how  clearly  and  how  in- 
evitably one  step  succeeds  another,  and  how  the  whole  steps  lead  to  the 
conclusion — to  observe  how  certainly  and  unerringly  the  reasoning  goes 
on  from  things  perfectly  self-evident,  and  by  the  smallest  addition  at  each 
step,  every  one  being  as  easily  taken  after  the  one  before  as  the  first 
step  of  all  was,  and  yet  the  result  being  something  not  only  far  from  self- 
evident,  but  so  general  and  strange,  that  you  can  hardly  believe  it  to  be 
true,  and  are  only  convinced  of  it  by  going  over  the  whole  reasoning — 
this  operation  of  the  understanding,  to  those  who  so  exercise  themselves, 
always  affords  the  highest  delight.  The  contemplation  of  experimental 
inquiries,  and  the  examination  of  reasoning  founded  upon  the  facts  which 
our  experiments  and  observations  disclose,  is  another  fruitftil  source  of 
enjoyment,  and  no  other  means  can  be  devised  for  either  imprinting  the 
results  u|K>n  our  memory,  or  enabling  us  really  to  enjoy  the  whole  plea- 
sures of  science.  They  who  found  the  study  of  some  branches  dry  and 
tedious  at  the  first,  have  generally  become  more  and  more  interested  as 
they  went  on ; each  difliculty  overcome  gives  an  additional  relish  to  the 
pursuit,  and  makes  us  feel,  as  it  were,  that  we  have  by  our  work  and 
labour  established  a right  of  property  in  the  subject.  Let  any  man  pass 
an  evening  in  vacant  idleness,  or  even  in  reading  some  silly  tale,  and 
compare  the  state  of  his  mind  when  he  goes  to  sleep  or  gets  up  next 
morning  with  its  state  some  other  day  when  he  has  passed  a few  hours  in 
going  througli  the  proofs,  by  facts  and  reasoning,  of  some  of  the  great 
doctrines  in  Natural  Science,  learning  truths  wholly  new  to  him,  and  satis- 
fying himself  by  careful  examination  of  the  grounds  on  which  known  truths 
rest,  so  as  to  be  not  only  acquainted  with  the  doctrines  themselves,  but 
able  to  show  why  he  believes  them,  and  to  prove  before  others  that  they 
arc  true ; — he  will  find  aa  great  a dHlfcrence  as  can  exist  in  the  same 
being, — the  diflerence  between  looking  back  upon  lime  unprofitably 
wasted,  and  time  spent  in  self-improvement:  he  will  feel  himself  in  the 
one  case  listless  and  dissatisfied,  in  the  other  comfortable  and  happy : in 
the  one  case,  if  he  do  not  appear  to  himself  humbled,  at  least  he  will  not 
have  earned  any  claim  to  his  own  res))ect;  in  the  other  case,  he  will  enjoy 
a proud  con.sciousness  of  having,  by  his  own  exeriions,  become  a wiser 
and  therefore  a more  exalted  creature. 

To  pass  our  time  in  the  study  of  the  sciences,  in  learning  wiiat  others 
have  discovered,  and  in  extending  the  bounds  of  human  knowledge,  has, 
in  all  ages,  been  reckoned  the  most  dignified  and  happy  of  human  occupa- 
tions ; and  the  name  of  Philosopher,  or  Lover  of  \Visdom,  is  given  to 
those  who  lead  such, a life.  But  it  is  by  no  means  necessary  that  a man 
should  do  nothing  else  than  study  known  truths,  and  explore  new,  in  order 
to  earn  this  high  title.  Some  of  the  greatest  Philosophers,  in  all  ages, 
have  been  engaged  in  the  pursuits  of  active  life ; and  an  assiduous  devo- 
tion of  the  bulk  of  our  time  to  the  work  which  our  condition  requires,  is 
an  important  duty,  and  indicates  the  possession  of  practical  wisdom. 
This,  however,  does  by  no  means  hinder  us  from  applying  the  rest  of  our 
time,  beside  what  nature  requires  for  meals  and  rest,  to  the  study  of 
science ; and  he  who,  in  whatever  station  his  lot  may  be  cast,  works  his 
day  s work,  and  improves  his  mind  in  the  evening,  as  well  as  he  who, 
placed  above  such  necessity,  prefers  the  refined  and  elevating  pleasures  of 
knowledge  to  the  low  gratification  of  the  senses,  richly  deserves  the  name 
of  a True  Philosopher. 
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One  of  the  most  delightful  treats  which  science  afibrds  us  is  the  know 
ledge  of  the  extraordinary  powers  with  which  the  human  mind  is  endowed. 
No  man,  until  he  has  studied  philosophy,  can  have  a just  idea  of  the 
reat  things  for  which  Providence  has  fitted  his  understanding — tlie  ex- 
traordinary disproportion  which  there  is  between  his  natural  strength,  and 
the  powers  of  his  mind  and  the  force  he  derives  from  them.  When  we 
survey  the  marvellous  truths  of  Astronomy,  we  are  first  of  all  lost  in  the 
feeling  of  immense  space,  and  of  the  comparative  insignificance  of  this 
globe  and  its  inhabitants.  But  tlicre  soon  arises  a sense  of  gratification 
and  of  new  wonder  at  perceiving  how  so  insignificant  a creature  has  liecn 
able  to  reach  such  a knowledge  of  the  unl>ounded  system  of  the  universe — 
to  penetrate,  ns  it  were,  through  all  space,  and  become  familiar  with  the 
laws  of  nature  at  distances  so  enormous  as  baffle  our  imagination — to  be 
able  to  say,  not  merely  that  the  .Sun  has  329,630  times  tlie  quantity  ot 
mutter  which  our  glolw  ha.s,  Jupiter  308.]^j,  and  Saturn  93 j times  ; but 
that  a pound  of  lead  weighs  at  the  Sun  22  lbs.  15  ozs.  16  dwts.  8 grs. 
and  ^ of  a grain  ! at  Jupiter  2 lbs.  1 oz.  19  dwts.  1 gr.  .|J  ; and  at  Saturn 
1 Ib.  3 ozs.  8 dwts.  20  grs.  port  of  a grain ! And  what  is  far  mure 
wonderful,  to  discover  the  laws  by  which  the  whole  of  this  vast  system  is 
held  together  and  maintained  through  countless  ages  in  perfect  security 
and  order.  It  is  surely  no  mean  reward  of  our  labour  to  become 
acquainted  with  the  prodigious  genius  of  those  who  have  almost  exalted 
the  nature  of  man  above  its  destined  sphere,  when,  admitted  to  a fellow- 
ship with  these  loftier  minds,  we  discover  how  it  comes  to  pass  that,  by 
universal  consent,  they  hold  a station  apart,  rising  over  all  the  Great 
Teachers  of  mankind,  and  spoken  of  reverently,  as  if  Newton  and  La- 
place were  not  the  names  of  mortal  men. 

The  highest  of  all  our  gratifications  in  the  contemplations  of  science 
remains : we  are  raised  by  them  to  an  understanding  of  the  infinite  wisdom 
and  goodness  which  the  Creator  has  displayed  in  his  works.  Not  a step 
can  we  take  in  any  direction  without  perceiving  the  most  extraordinary 
traces  of  design  ; and  the  skill  everywhere  conspicuous  is  calculated,  in  so 
vast  a proportion  of  instances,  to  promote  the  happiness  of  living  crea- 
tures, and  e.specially  of  our  own  kind,  that  we  can  feel  no  he.sitation  in 
concluding  that,  if  we  knew  the  whole  .scheme  of  Providence,  every  part 
would  be  found  in  harmony  witli  a plan  of  absolute  benevolence.  Inde- 
pendently, however,  of  this  most  consoling  inference,  the  delight  is  inex- 
pressible of  being  able  to  follow,  as  it  were,  with  our  eyes,  the  marvellous 
works  of  the  Great  Architect  of  Nature — to  trace  the  unbounded  power 
and  exquisite  skill  which  are  exhibited  in  the  most  minute,  as  well  as  the 
mightiest  parts  of  his  system.  The  pleasure  derived  from  this  study  is 
unceasing,  and  so  various,  that  it  never  tires  the  appetite.  But  it  is 
unlike  the  low  gratifications  of  sense  in  another  respect : while  those  hurt 
the  health,  debase  the  understanding,  and  corrupt  the  fcelingp:,  this  ele- 
vates and  refines  our  nature,  teaching  us  to  look  upon  all  earthly  objects 
os  insignificant  and  below  our  notice,  except  the  pursuit  of  knowledge 
and  the  cultivation  of  virtue ; and  giving  a digpiity  and  importance  to  the 
enjoyment  of  life,  which  the  frivolous  and  the  grovelling  cannot  even 
comprehend. 

l^t  us,  tlien,  conclude,  that  the  Pleasures  of  Science  go  hand  in  hand 
with  the  solid  benefits  derived  from  it;  tliat  they  tend,  unlike  other  gra- 
tifications, not  only  to  make  our  lives  more  agreeable,  but  better ; and 
that  a rational  being  is  bound  by  every  motive  of  interest  and  of  duly, 
to  direct  his  mind  towards  pursuits  which  are  found  to  be  the  sure  path 
of  Virtue  as  well  as  of  happiness. 
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treatise  I. 

ON  THE  MECHANICAL  AGENTS  OR  FIRST  MOVERS. 


Chaptkr  I. — Introduction. 

(1.)  Whatever  communicatea  op  tends 
to  communicate  motion  to  a body,  is 
called  a/orC(S.  The  ol^ect  of  Mecha- 
nics, in  the  most  extended  sense  of  that 
term,  is  the  investigation  of  the  effects 
of  forces  on  bodies. 

If  a body  which  is-absolutely  at  rest 
be  submitted  to  the  action  of  two  or 
more  forces,  one  of  two  effects  must 
msue ; either  the  body  must  continue  in 
its  state  of  rest,  or  it  must  commence  to 
move  in  some  determinate  direction, 
and  with  some  determinate  force.  If 
the  body  continue  at  rest,  it  necessarily 
follows,  that  the  forces  which  act  upon 
it  am  so  related  as  to  their  directions 
and  intensities,  that  they  neutralise  each 
other,  or  mutually  destroy  each  other’s 
effects.  Under  such  circumstances,  the 
body  is  said  to  be  in  a state  of  equili- 
brium,* and  we  also  commonly  apply 
the  same  term  equilibrium  to  the  forcee 
which  act  upon  the  body. 

It  is,  therefore,  a very  important 
problem  or  rather  class  of  problems,  to 
iusign  in  every  particular  case  that  rela- 
tion between  the  intensities  and  direc- 
tions of  the  forces  acting  upon  a body 
under  given  circumstances,  which  will 
keep  the  body  in  a state  of  equilibrium. 
By  the  solution  of  such  a problem,  we 
shall  always  be  able  to  preoict  whether 
a body  ur^d  by  given  forces  shall  re- 
ceive any  motion  or  not. 

If  the  forces  which  act  upon  the  body 
be  not  so  related  as  to  neutralise  eacn 
other's  effects,  motion  must  ensue,  and 
the  body  will  be  urged  with  some  deter- 
minate rorce  in  some  determinate  direc- 
tion. To  assign  the  force  with  which 
the  body  will  thus  be  moved,  and  the 
direction  of  its  motion,  the  intensities 
and  d»ection.s  of  the  forces  impressed 
on  the  body  being  given,  is  another  im- 
portant class  of  problems,  and  of  a na- 
ture altogethwdistinct  from  the  former. 

(8.)  These  considerations  suggest  the 
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division  of  the  science  into  two  parts.  In 
the  first,  which  is  called  statice,*  bodies 
arc  considered  as  submitted  to  the  in- 
fluence of  forces  which  are  in  equili- 
brium. 

(3.)  In  the  second  part,  which  is  called 
dynamics,^  bodies  are  considered  as 
submitted  to  the  action  of  forces  which 
are  not  in  equilibrium.  In  the  former, 
therefore,  bodies  are  considered  at  rest, 
and  in  the  latter  as  in  motion. 

(4.)  Although  this  be  unquestionably 
the  most  philosophical  division  of  the 
subject,  and  that  which  should  be  adopt- 
ed in  a treatise  designed  for  the  use  of 
certain  classes  of  students ; yet.  consi- 
dering the  Directs  which  we  have  in  view 
in  the  present  scries  of  works,  and  the 
persons  for  whose  instruction  they  are 
intended,  we  think  it  expedient  to  pur- 
sue a different  course,  and  do  not  hc.si- 
tate  to  sacrifice  system  to  utility. 

In  all  the  various  changes  which  the 
raw  productions  of  nature  must  undergo 
in  order  to  adapt  them  to  supply  the 
wants  ofcivibzed  life,  inotion  is  the  prin- 
cipal agent.  The  wool  which  is  shorn 
from  the  sheep,  requires  a rotatorymo- 
tion  to  form  it  into  threads,  ^ese 
threads  must  be  submitted  to  a variety 
of  other  motions,  in  order  to  produce 
that  arran«ment  which  gives  them  the 
form  of  cloth ; and  cloth  when  woven 
must  pass  through  many  other  pro- 
cesses, in  all  of  which  motion  is  the 
chief  agent,  before  it  is  prepared  for  use. 
To  obtain  these  mobons,  we  avail  our- 
selves of  the  forces  which  we  find  actu- 
ally existing  in  nature,  such  as  the 
falling  of  water,  the  force  of  wind,  the 
stren^h  of  animals,  and  numerous 
others.  As,  however,  the  forces  and 
motions  which  are  required  for  the 
various  manufactures,  are  generally  dif- 
ferent in  many  respects  from  those  forces 
with  which  nature  has  supplied  us,  it  is 
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necrssaiT  that  means  should  be  con 
trivcd  of  modifying  them  so  as  to  suit 
them  to  our  wants.  It  may  so  happen 
that  we  hare  at  our  command  a natural 
force  of  variable  intensity,  when  it  is 
necessary  to  apply  to  the  work  which 
we  design  to  execute  one  of  a perfectly 
uniform  intensity.  We  are,  therefore, 
compelled  to  contrive  some  means  by 
widen,  in  transmitting  the  force  from  the 
natural  mechanical  i^nt,  whatever  it 
be,  to  the  working  point,  it  may  be  so 
modified  as  to  be  rendered  uniform  in 
its  action.  Again,  the  natural  force  may 
act  constantly  in  one  direction,  as  for 
example,  a running  stream,  or  a perpen- 
dicular fall  of  water,  or  a current  of  air, 
when  it  may  be  required  that  the  force 
on  the  working  point  should  be  alternate 
or  reciprocating,  as  for  example,  that 
which  IS  necessary  to  work  the  piston 
of  a common  pump.  In  such  cases, 
tliercfore,  some  appai'atus  must  be  inter- 
posed between  tlic  natural  agent  and 
the  working  point,  which  is  capable  of 
converting  the  one  species  of  motion 
into  the  other.  Such  a contrivance  is 
called  a machine,  and  the  natural  force 
which  it  is  designed  to  modify  is  called 
Hs^rttmoter;  that  part  of  the  machine 
at  which  the  required  modification  is 
produced,  being  generally  called  the 
icorhinff  poinl. 

In  that  part  of  Mechanics  which  is 
confined  to  the  consideration  of  the  na- 
ture and  principlea  of  machinery,  there 
are  two  objects  intimately  related  each 
to  the  other,  and  each  of  which  strongly 
demands  our  attention ; first,  the  natural 
mechanical  agents  or  JIrtt  movert;  se- 
condly, machines,  or  the  means  whereby 
these  powers  are  modified  and  rendered 
applicable  to  our  purposes.  We  propose 
in  this  Jlrst  treatise  to  confine  the 
attention  of  the  reader  to  the  explana- 
tion of  the  nature  and  laws  of  those 
powers  in  nature  which  furnish  first 
movers,  and  to  the  properties  of  motion 
and  force  in  general.  In  conformity 
with  this  method,  we  shall  devote  the 
second  treatise  to  the  elements  of  ma- 
chinery. 

Chaptkr  II. — On  the  composition  and 
resolution  qf  Motion  and  Force. 

(5.)  If  two  equal  forces  act  upon  the 
same  point  of  a body,  in  directions  im- 
mediately opposite,  they  will  keep  that 
body  at  rest.  Such  forces,  then,  are  the 
most  simple  example  of  equilibrium,  .and 
the  truth  of  this  principle  is  self-evident. 


Tlius,  if  to  a point  P two  threads  be  at- 
tached, and  that  two  wheels  C D,  turn- 
ing on  fixed  centres, and  having  grooves 
on  their  edges,  be  so  placed  that  when 
the  strings  are  passed  over  them  the 
parts  P C and  P D shall  be  in  the  same 
straight  line,  equal  weights  A and  B 
suspended  from  the  strings  will  draw 
the  point  P equally  in  the  opposite 
directions  P C and  P D,  and  they  will 
thus  evidently  neutralise  each  other,  and 
the  body  P will  be  in  equilibrium. 


i> 


(0.)  But  now  let  us  suppose  that  the 
weight  B is  greater  than  the  weight  .K. 
In  that  case  the  point  P will  be  drawn 
in  the  direction  P II  with  a greater  force 
than  that  which  draws  it  in  the  opposite 
direction  P C,  and  it  will  evidently  have 
a tendency  to  move  in  the  direction  P I). 
But  what  tendency  ? To  what  amount, 
or,  in  other  words,  with  what  force  is  P 
pulled  in  the  direction  P D ? This  is 
easily  determined.  Suppose  that  the 
weight  B is  divided  into  two  parts,  one 
of  which  is  equal  to  A ; the  other  part 
will  be  evidently  equal  to  the  difference 
of  the  weights  A and  B,  or  to  the  excess 
of  the  weight  B above  the  weight  A. 
Call  this  excess  E,  and  let  the  apparatus 
assume  the  ionafg.  2.  Now,  it  appears 


by  (5.),  that  the  weight  A acting  in  the 
direction  P C,  exactly  balances  the 
weight  A acting  in  the  direction  P D ; 
so  that  the  combined  effect  of  these 
weights  is  nothing.  The  consequence 
is,  that  the  point  P is  pulled  in  the 
direction  P fi  only  by  the  force  E,  or 
the  excess  of  the  greater  weight  B 
above  tlie  lesser  weight  A. 

Hence  we  may,  in  general,  infer,  that 
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«h«n  a body  is  drawn  in  directions 
immediately  opposite  by  two  unequal 
forces,  it  is  affected  exactly  in  the  same 
manner  ax  if  it  were  drawn  by  a sinRla 
force  equal  to  the  difference  between  tiw 
fWo  forces,  and  acting  in  the  direction 
of  the  greater  force. 

(7.)  This  single  force,  whose  ac- 
tion is  equivalent  to  the  combined 
action  of  two  or  more  forces,  is  called 
tlieir  rttaUcmt;  and  the  process  ^ 
which  a single  force  equivalent  in  its 
effect  to  two  or  more  other  forces  is 
found,  is  called  the  eomporition  of  force, 

(8.)  On  the  other  hand,  two  or  more 
forces  may  be  found  whose  combined 
effects  are  equivalent  to  that  of  a single 
given  force  ; the  process  by  which  these 
are  determined  is  called  the  resolution 
of  force;  and  the  two  or  more  forces 
which  are  equivalent  to  the  single  force, 
are  called  its  components. 

(9.)  Having  considered  tlie  simpler 
instance  in  which  the  directions  of  the 
forces  are  in  tlie  same  straight  line,  let 
us  now  examine  the  more  complex  case 
in  which  two  forces  act  on  me  some 


point  in  different  directions.  Let  P (Jig. 
3.)  be  a fixed  point  to  which  three  strings 
are  attached ; and  let  the  strings  P a 
and  P6  be  passed  over  fixed  grooved 
wheels  as  before,  and  let  any  weights  A 
and  B be  susjrended  from  them.  The 
point  P is  now  drawn  by  two  forces  A 
and  B,  in  the  directions  P a and  P h. 
The  qmition  is,  what  single  force  would 
produce  tlse  same  effect  upon  it  ? Take 
lengths  Pnnud  Pn  on  tne  strings,  so 
that  they  shmklte  in  the  same  propor- 
tion as  the  weights  A and  B,  that  is,  so 
that  Pm:  Pn::  As  B ; and  upon  the 
board  to  which  the  wh««ii  6 are  sup- 


posed to  be  attached,  draw  the  parallelo- 
gram P m 0 n.  Draw  the  diagonal  P o. 

A single  force  acting  in  the  direction  of  , 
the  diagonal  P o,  arid  having  the  same 
ratio  to  the  weij^t  A or  B as  the  dia- 
gonal P 0 has  to  the  side  P m or  P n of 
the  parallelogram,  will  produce  the  same 
pressure  on  the  point  P as  the  combined 
actions  of  A and  B produced.  To  prove 
this,  let  a third  wheel  o be  so  placed 
that  the  thread  P e shall,  when  stretched 
over  it,  be  in  a direction  immediately 
opposite  to  P 0,  and  suspend  from  it  a 
weight  C which  shall  have  the  same 
proportion  to  A or  B as  the  diagonal  P o 
has  to  P in  or  P n.  If  the  point  P, 
hitherto  supposed  to  be  fixed,  be  dis- 
engaged and  left  free  to  move,  it  will  be 
found  to  maintain  its  position  and  re- 
main at  rest.  Hence  it  foUmrs,  that  the 
weight  C neutralises  tlie  effects  of  A 
and  B,  and  keeps  them  in  equilibrium. 

But  it  would  also  keep  in  equilibrium  a 
force  equal  to  C in  the  direction  P o (5.); 
from  whence  it  follows,  that  a force 
equal  to  C in  the  direction  P o is  equiva- 
lent to  the  united  actions  of  the  forces 
A and  B,  in  the  directions  P m and  P n. 
Hence  we  derive  the  following  import- 
ant theorem  ;• — 

two  forces  acting  on  the  tame  point 
in  the  directions  qf  the  sides  of  a paral- 
lelogram be  proportional  in  their  inten- 
sities to  these  sidse,  their  united  effecte 
teft!  be  equfvedent  to  that  qf  a single 
force  acting  on  the  same  point  in  the 
direction  of  the  diagonal  of  that  paral- 
lelogram, and  whose  intaaity  is  pro- 
portional to  the  diagonal. 

Tliis  single  force  in  the  direction  of 
the  diagoiud  is  therefore  their  resultant. 

(10.)  It  will  very  easily  appear  that 
two  forces  have  but  one  resultant ; for, 
if  the  force  C be  in  the  least  degree 
altered,  either  in  its  magnitude  or  in  its 
direction,  the  point  P,  when  disengaged, 
will  no  longer  maintain  its  position,  but 
will  move  until  it  settles  into  such  a 
position  that  the  magnitudes  of  the  dia- 
gonal and  sides  of  the  corresponding 
parallelogram  shall  be  proportional  to 
those  of  the  forces  ABC. 

(11.)  Wc  can  now  extend  our  inves- 
tigation to'the  combined  action  of  three 
or  more  forces  on  the  same  point.  Let 
P,  ifg.  4.)  as  before,  be  a fixed  jpoint  to 
which  several  strings  are  attached,  ami 

* Thu  thcomm  admits  of  rigoroas  demonstration 
lndopradeai‘7  of  the  aapenmeatal  proof  which  wo 
'^aro  pven.  Th«  demoastratioa  is.  kowereT,  of  too 
compos  a character,  sad  reqoiriaf  the  aid  cd  ma* 
^cmatieal  rcaaoaing  of  a kiad  which  w«  canaol 
pivpexl/  iatrodocc  here. 
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passing  these  strings  over  wheels  a bed, 
let  weights  A B C 1)  be  suspended  from 
them. 

Take  any  part  P >n  on  the  string  P a, 
and  from  m on  the  board  to  wliieh  the 
apparatus  is  attached,  draw  a line  pa- 
rallel to  the  string  P b,  and  take  a part 
m n upon  that  pwallel,  such  that  P m : 
»n  n : : A : B.  Ag^,  through  n draw 
a parallel  to  the  string  P c,  and  on  that 
parallel  take  a part  n o,  such  that  m n ; 
no  : : B • C.  In  like  manner  draw  op 


parallel  to  P d,  and  such  that  n o : oy> : : 
C ; D.  Finally,  join  the  points  p and  P 
by  a right  line.  A single  force,  acting 
in  the  direction  of  the  line  Pp,  and 
having  the  same  ratio  to  each  of  the 
other  forces  as  the  line  Pp  has  to  tlie 
side  of  the  polygon,  which  is  parallel  to 
that  other  force,  will  produce  a pressure 
on  the  fixed  point  P equivalent  to  the 
combined  actions  of  the  forces  A B 
C D.  This  may  be  established  by  the 
same  means  as  were  used  in  the  former 
case.  Let  a string,  attached  to  the  fixed 
point  P,  be  cairied  over  a wlieel  e,  so 
that  the  string  P e shall  be  the  continu- 
ation of  the  line  p P,  and  let  a weight 
E be  suspended  from  it  which  shall 
have  the  same  proportion  to  the  weights 
A B C D,  as  the  side  P p has  to  the 
sides  of  the  polygon  parallel  to  the 
strings  respectively.  If  the  point  P be 
then  disengaged  from  the  board,  it  will 
be  found  to  maintain  its  position,  and 
remain  at  rest ; so  that  the  force  E in 
the  direction  P e,  immediately  opposite 
to  Pp,  counteracts  the  combined  effects 
of  the  forces  A B C D ; and  it  would 
also  counteract  the  effect  of  a force 
equal  to  E.  in  the  direction  of  the  line 
(5.)  Hence  such  a force  is  equi- 
valent to  the  combined  effects  of  A B 
C D,  and  is  therefore  their  resultant. 
From  whence  we  infer  the  following 
general  theorem 


Jf  sevefal  forces  att  on  the  same  point 
parallel  and  proportional  to  all  the  sides 
of  a polygon  taken  in  order  except  one, 
a single  force  proportional  to,  and  in  the 
direction  of,  that  one  side  will  be  their 
resultant. 

It  may  be  proved  tliat  this  is  the  only 
resultant,  in  the  same  manner  as  in  the 
former  case  ; for  if  either  the  direction 
of  the  string  P e,  or  the  ra^itude  of 
the  weight  E,  or  both,  be  in  any  way 
changed,  the  point  P,  when  disengaged, 
will  no  longer  maintain  its  position,  but 
will  move  until  it  settles  into  that  posi- 
tion in  which  the  sides  of  the  corre- 
sponding polygon  are  proportional  to 
the  weiglits  suspended  from  the  strings 
to  which  they  are  parallel. 

(1‘2.)  Hitherto  we  have  supposed  that 
the  forces  applied  to  the  point  are  in  the 
same  plane.  This,  however,  is  not  at 
all  necessaiy,  and  the  same  principles 
exactly  will  apply  when  the  forces  act 
in  different  planes. 

(13.)  It  must  be  erident  from  the 
reasoning  in  the  preceding  articles,  that 
if  any  number  of  foi-ces  acting  on  a 
point,  be  proportional  to  the  sides  of  a 
polygon  which  are  severally  parallel  to 
the  direction  of  the  forces,  and  that  the 
forces  are  in  the  directions  of  the  sides, 
taken  successively  in  the  same  order, 
the  point  will  be  kept  .at  rest,  and  the 
forces  will  be  in  cciuilibrium,  and  w ill 
neutralise  each  other's  ctfects. 

Since  any  one  side  of  a triangle  or 
polygon  is  alwavs  less  than  the  sum 
of  all  the  remainirigsides,  it  follows  that 
a mechanical  effect  will  always  be  more 
economically  produced  by  a single  force 
acting  in  the  proper  direction,  than  by 
a number  of  forces  acting  in  different 
directions. 

(14.)  All  that  we  have  established 
respecting  the  composition  of  forces  or 
pressures,  also  applies  to  the  composi- 
tion of  motions.  Two  impulses,  which, 
separately  communicated,  will  cause  a 
body  to  move  over  the  sides  of  a paral- 
lelogram in  the  same  time,  would,  if 
communicated  at  the  same  instant, 
cause  the  body  to  move  over  the  dia- 
gonal of  the  parallelugram  in  that  time, 
^is  may  be  submitted  to  actual  expe- 
riment. 

Let  a level  table,  A B C D (fg.  S.),  in 
the  form  of  a parallelogram,  be  provided, 
furni.shed  with  a ledge  to  prevent  a ball 
from  rolling  off ; and  let  two  spring  guns, 
G G',  be  placed  at  one  of  tlie  comers  A, 
so  that  w hen  G strikes  the  ball  X,  it  shall 
move  along  the  side  A B in  a certain 
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time,  and  that  when  G'  strikes  the  ball  sequence  will  be,  that  it  will  pass  across 
it  shall  move  alone  A D in  the  same  in  a diagonal  direction,  arrivinjf  at  the 
time.  Now,  if  both  the  guns  strike  X other  bank  not  at  the  point  imraedi- 
at  the  same  instant,  it  will  be  found  to  ately  opposite  to_  where  it  starle^  but 
move  along  the  diagonal,  and  to  do  so  at  a point  considerably  below  it ; it 

moves,  in  fact,  in  the  diagonal  of  a paral* 
lelogram,  one  side  of  which  is  a straight 
line  drawn  across  the  river  from  the 
point  where  it  started  perpendicular  to 
the  banks ; and  the  other  side  is  so  much 
of  the  bank  itself  measiued  from  the 
point  where  it  started  as  the  current 
moved  with  the  boat  down  the  river  in 
f/t.  5.  the  time  taken  to  cross  it  This,  there- 

fore, is  an  example  of  the  composition 
of  motion,  as  the  former  was  of  its  re- 
exaclly  in  the  same  time  as,  by  the  im-  solution. 

pulse  of  each  gun  separately  it  moved  The  facility  with  which  many  of  the 
along  the  sides.  In  order  that  the  ball  feats  of  horsemanship  exhibited  in  the 
X should  move  along  the  sides  A B and  circus  are  performed  may  be  accounted 
A D in  the  same  time,  it  is  necessary  for  on  this  principle.  When  the  man  and 
that  the  force  of  the  springs  should  be  horse  are  moving  with  great  speed,  it 
proportional  to  the  lengths  of  the  sides,  sometimes  excites  surprise,  that  when 
In  constructing  such  a table  it  is  usual  the  man  leaps  directly  upwanl,  the  horse 
to  make  it  square,  and,  therefore,  to  does  not  pass  from  under  him,  and  that 
make  the  springs  of  equal  force.  he  does  not,  in  descending,  alight  upion 

In  like  manner,  if  several  impulses,  the  ground  perpendicularly  under  the 
which,  communicated  separately  to  a point  at  which  he  sprang  from  the 
body,  would  make  it  move  parallel  to  saddle.  But  it  should  be  considered, 
the  seveml  sides  of  a polygon  taken  in  that,  on  leaving  the  saddle,  the  body  of 
order,  the  last  side  alone  excepted,  and  the  ridCT  has  the  same  velocity  as  that 
with  velocities  proportional  to  those  of  the  horse : the  spring  which  he  takes 
sides,  be  communicated  to  it  at  the  perpendicularly  upward  in  no  degree 
same  instant,  it  will  move  in  the  direc-  riimini«he«  this  velocity ; so  that,  wliile 
lion  of  the  last  side,  with  a velocity  pro-  he  is  ascending  from  the  saddle,  he  is 
portional  to  that  side.  still  advancing  with  the  same  sp^  as 

There  are  numerous  effects,  fami-  the  horse,  and  continues  so  advancing 
liar  to  every  one,  which  are  exam-  until  his  return  to  the  saddle.  In  this 
pies  of  the  composition  and  resolution  case,  the  body  of  the  rider  describes  the 
of  motion.  If,  in  walking  along  one  diagonal  of  a parallelogram,  one  side  of 
side  of  a street,  we  desire  to  reach  a which  is  in  the  direction  of  the  horse's 
distant  point  at  the  opposite  side ; the  motion,  and  the  other  peipendicularly 
direct  method  would  be  to  pass  in  a upward,  in  the  direction  in  which  he 
straight  line  to  the  point,  moving  diago-  makes  the  leap. 

Daily  across  the  street;  but  wishing  In  the  common  feat  of  jumping 

to  be  for  as  short  a space  as  possible  off  through  a hoop,  and  alighting  again 
the  foot-path,  we  first  pass  across  on  the  saddle,  an  inexperience  nder 
the  street  in  a direction  perpendicular  would  be  likely  to  project  his  body  for- 
to  the  foot-path,  and  then  pass  down  ward  in  the  same  manner  as  he  would 
the  opposite  side  to  the  desu-ed  point,  do  in  leaping  through  the  same  hoop 
This  is.  in  fact,  notliing  more  titan  a from  the  ground.  In  such  a case,  instead 
resolution  of  the  diagonal  motion  first  of  alighting  on  the  saddle,  he  would 
mentioned  into  its  two  components,  viz.  alight  either  before  the  horse  or  on  his 
the  sides  of  the  parallelogram.  head  or  neck ; for  he  would,  in  fact. 

Again,  if  a boat  be  rowed  dbeclly  then  advance  forward  more  rapidly 
WToss  a river,  when  there  is  no  current,  than  the  horse,  his  body  having,  be- 
it  wiU  pass  over  in  a straight  line,  per-  sides  the  speed  of  the  horse,  in  which  it 
pendicular  to  the  bank.s.  But,  if  there  always  partakes,  the  additional  sp^ 
be  a current,  the  boat  will  be  carried  by  derived  from  the  muscular  exertion 
the  current  parallel  to  the  banks,  while  by  which  tlie  rider  projects  his  body 
it  is  irapelled  by  the  oai  s in  a direction  forward.  All  that  is  requisite  to  exo- 
perpendicular  to  the  banks ; the  con-  cute  this  feat  is,  to  leap  directly  up> 
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wards  from  the  saddle,  to  a sufficient 
height  to  clear  the  lower  part  of  the 
hoop  with  the  feet.  By  the  speed  which 
the  rider  has  in  common  witli  tlie  horse, 
nis  body  will,  without  any  exertion  on 
liis  part,  pass  tlirough  the  hoop,  and  he 
will  alight  again  in  the  saddle,  on  the 
other  side,  in  liis  descent.  These  are 
striking  instanoes  of  the  composition  of 
motion. 

CuaPTKR  III.— On  the  Force  qf 
Gravity. 

(15.)  Although  the  force  of  gravity 
cannot  be  considered,  properly  speak- 
ing, as  itself  a first  mover  or  mecha- 
nical agent,  yet  it  is  the  means  of  pro- 
ducing and  giving  effect  to  so  extensive 
a class  of  first  movers,  that  it  becomes 
necessary  to  explain  the  laws  which 
regulate  its  action,  in  order  to  render 
the  agency  of  some  of  tlie  phncipal  first 
movers  intelligible. 

The  earth  wliich  we  inhabit  is  a 
mass  of  matter,  nearly,  but  not  ex- 
actly, of  a globular  form,  the  diameter 
being  about  80U0  miles  in  length.  This 
enormous  mass  possesses  tlie  property 
of  attracting  towards  its  centre  all 
smaller  bodies  placed  near  its  surface  ; 
so  that  if  they  be  perfectly  free  to  move 
and  opposed  by  no  obstacle,  tliey  will 
move  m straight  lines  towards  the  cen- 
tre of  the  globe,  and  will  continue  so  to 
move  untu  they  reach  the  surface.  If 
the  part  of  the  surface  which  they  meet 
be  solid,  or  even  a liquid  sp^ifically 
heavier  than  tlie  descending  bodies,  their 
further  approach  to  the  centre  will  be 
obstructed ; but  in  that  case  the  attrac- 
tion towards  the  centre  will  be  mani- 
fested by  the  force  with  which  the  bo- 
dies press  upon  the  resisting  surface. 
If  the  bodies  thus  supposed  to  have  met 
the  surface  in  thch  approach  towards 
the  centre  happen  to  meet  a liquid,  as 
the  sea,  and  be  specifically  heavier  than 
it.  they  will  still  continue  to  approach 
the  centre,  moving  through  the  liquid 
unbl,  in  fine,  they  be  stopped  either  by  a 
liquid  heavier  than  tliemselves  or  a hard 
surface.  All  lines  which  are  drawn 
from  points  without  a globe  to  its  cen- 
tre are  evidently  perpendicular  to  its 
surface ; and  hence  bodies,  in  moving 
towards  the  centre  of  the  earth,  at- 
tracted by  its  influence,  move  perpen- 
dicularly to  its  surface ; and  when  their 
progress  is  obstructed  by  tliat  surface 
they  press  on  it  perpendicularly  with  a 
force  equal  to  that  with  which  they  are 
attracted  towards  the  centre. 


This  attraction  which  the  earth  exerts 
upon  all  bodies  placed  near  its  surface 
is  called  terrestrial  gravity ; and  the 
force  with  which  any  body  drawn 
towards  the  centre  is  pressed  upon  an 
horizontal  plane,  called  the  weight  of 
that  body. 

It  must  be  veiy  obvious  that  all  the 
common  effects  of  falling  bodies,  and  of 
pressures  proiluced  by  weight,  are  ]ier- 
fectly  accounted  for  in  the  preceding 
observations.  This  attraction  is  by  no 
means  peculiar  to  the  earth,  but  is  com- 
mon to  all  material  substances,  whatever 
be  their  form,  quantity,  or  position.  In 
this  respect  the  force  of  giavity  differs 
from  magnetism,  and  other  attractions 
which  are  only  resident  in  substances  of 
particular  species.  If  the  earth  were  a 
large  magnet,  those  peculiar  substances 
only  which  fu'e  affected  by  the  loadstone 
would  have  weif^t,  or  would  fall  to  the 
surface  when  unsupported.  All  other 
bodies  would  rest  indifferently  in  any 
sition  in  wliich  they  might  happen  to 
placed,  and  woiud  move  upwards 
just  as  readily  as  downwards.  But 
every  materiEU  substance  is  suscep- 
tible of  the  attraction  of  gravity,  and 
what  is  more,  it  is  susceptible  of  this 
in  the  exact  proportion  of  its  mass. 
Thus,  if  the  mass  of  the  earth  were 
doubled,  it  would  exert  a double  attrac- 
tion on  all  bodies  placed  near  it,  and 
consequently  the  weights  of  all  bo- 
dies would  in  that  case  be  doubled.  If 
its  mass  were  tripled,  the  weights  of  all 
bodies  would  be  tripled,  and  so  on.  In 
general,  therefore,  the  attraction  which 
the  earth  exerts  on  a body  in  its  vicinity 
is  proportional  to  its  mass. 

iVe  have  stated  that  gravity  is  an 
attraction  common  to  all  material  sub- 
stances ; if  so.  then  it  may  be  asked 
why  do  not  the  various  bodies  placed 
near  the  earth's  surface  attract  the  earth 
towards  them  ? If  a body  be  disengaged 
at  any  height  from  the  surface,  it  will  be 
drawn  by  tlie  attraction  of  the  earth, 
and  will  consequently  descend  in  a 
straight  line  perpendicular  to  the  sur- 
face ; but  since  the  body  attracts  the 
earth,  why  does  not  the  surface  ascend 
towards  the  body,  being  drawn  by  the 
attraction  of  the  body  on  the  earth  ; in 
which  case,  the  surface  of  the  earth  and 
the  body  would  meet  at  some  place 
intermediate  between  their  first  posi- 
tions ? We  answer  that,  in  fact,  this  very 
efllBct  takes  place.  The  surface  of  the 
earth  doee  approach  the  descending 
body,  and  that  descending  body  not  only 
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attracts  the  mass  of  the  earth  towards 
it,  but  attracts  it  with  exactly  as  much 
force  as  that  by  which  the  eartli  at- 
tracts the  descending  body.  Why  then, 
it  will  be  asked,  is  not  the  rapid  ap- 
proach of  the  earth  to  meet  the  de- 
scending body  perceptible  ? To  explain 
this  we  must  go  into  some  details. 

(16.)  If  two  bodies  A and  B be  mov- 
ing with  the  same  velocity,  the  forces 
with  which  they  move  will  be  equal 
provided  their  masses  or  quantities  of 
matter  be  equal,  but  not  otherwise.  If 
the  mass  of  A be  greater  than  the  mass 
of  B its  force  will  be  greater  in  the  same 
proportion.  This  will  be  very  evident 
if  we  consider  the  forces  with  which 
they  would  strike  any  obstacle  opposed 
to  them.  If  B be  a musket-ball  and  A 
be  a cannon-ball  of  one  hundred  times 
the  weight,  both  being  projected  with 
the  same  speed,  A will  strike  any  ob- 
stacle with  one  hundred  times  the  force 


other,  to  the  velocities.  Now,  if  unequal 
masses  be  moved  with  unequal  veloci- 
ties, it  is  natural  to  expect  that  we 
should,  in  comparing  the  forces,  take 
into  account  both  the  velocities  and  the 
masses.  It  appears  that  the  moving 
force  of  a body  may  be  increased  or 
diminished  by  increasing  or  diminishing 
either  its  mass,  or  its  velocity,  or  both. 
In  fact,  if  the  number  representing  the 
mass  be  multiplied  by  the  number  repre- 
senting the  velocity,  the  product  thus 
obtained  will  represent  the  moving  force. 
Thus,  if  the  masses  of  two  bodies  A and 
B be  in  the  ratio  of  the  numbers  8 and 
5,  and  the  velocities  of  these  bodies  be 
in  the  ratio  of  the  numbers  7 and  3, 
tbeir  moving  forces  are  as  the  product 
of  8 and  7 to  the  product  of  5 and  3, 
that  is,  as  56  to  15.  It  appears,  there- 
fore, that  in  this  instance  the  force 
of  A bears  a much  higher  ratio  to  tlie 
force  of  B than  either  the  mass  of  A 


with  which  B would  strike  it.  In  ge- 
neral, then,  “ when  the  velocities  with 
which  bodies  are  moved  are  the  same, 
their  forces  are  proportional  to  their 
masses  or  quantities  of  matter." 

Now,  let  us  suppose  that  the  masses 
of  the  bodies  A and  B are  equal,  but 
that  they  move  with  unequal  veWities  ; 
that  is,  that  they  move  through  diSkr- 
ent  spaces  in  the  same  time.  l.et  the 
space  described  in  one  second  by  the 
body  Abe  a,  imd  let  the  space  deeoribed 
in  the  same  time  by  the  liody  B be  6 ; 
these  spaces  arc  called  the  velocities  of 
the  bodies.  Tlie  equal  bodies  thus  mov- 
ing with  ditfferent  velocities  will  move 
witli  different  forces.  It  is  evident  that 
the  body  which  has  the  greater  velocity 
will  have  the  greater  force  j and  that 
also  in  the  same  proportion  as  its  velo- 
city is  greater.  If  two  equal  bullets  be 
successively  projected  from  the  same 
gun,  but  with  different  charges  of  pow- 
der, that  which  is  projected  by  the 
stronger  charge  will  strike  the  mark 
with  a proportionally  greater  force.  But 
in  this  case  the  only  difference  in  the 
motions  of  the  bullets  is,  that  one  has 
a greater  velocity  than  the  other. 
Hence  we  perceive  that  “ when  equal 
mgsses  are  in  motion  their  forces  are 
proportional  to  their  velocities.” 

OT.)  We  have  thus  separately  con- 
sidered the  cases  in  which  unequal 
mas^  are  moved  with  equal  vnlooities, 
and  in  whtoh  equal  masses  are  incved 
unequal  velooHlca;  and  we  have  seen 
that  the  force*  are.  In  tlie  one  case, 
proportional  to  the  masses,  and  in  tlie 


bears  to  the  mass  of  B,  or  the  velocity 
of  A to  the  velocity  of  B ; the  reason  of 
which  is,  that  the  mass  and  velocity 
conspire  in  imparting  to  A a supe- 
rior moving  force.  In  general,  then, 
we  conclude,  “ that  the  moving  forces  of 
bodies  are  proportional  to  the  products 
of  their  masses  and  their  velocities." 

(18.)  Since  then  the  moving  force  of  a 
body  depends  conjointly  on  its  mass  and 
its  velocity,  it  necessarily  follows  tli.at 
if,  while  we  fausreaee  its  velocity  in  any 
pi-opoition,  we  diminish  its  mass  in  tlie 
same  proportion,  its  moving  force  will 
be  the  same ; for  it  wall  lose  as  much 
force  by  the  diminution  of  its  mass  as  it 
gains  by  the  increase  of  its  velocity.  In 
like  manner,  if,  while  we  increase  its 
mass,  we  diminish,  in  the  eame  propor- 
tion, its  velocity,  the  moving  foroe  will 
be  unaltered ; for  as  much  will  be  lost 
by  the  diminished  velocity  as  will  be 
gained  by  the  increased  mass. 

(19.)  The  several  theorems  which 
we  have  just  expressed,  relative  to  tlie 
forces  of  bodies  in  motion,  do  not  rest 
entirely  upon  reasoning,  but  may  very 
easily  be  submitted  to  the  test  of  actuU 
expriment. 

Let  two  strings  be  attached  to  the  cen- 
tre C of  a grailuated  arch  X Y ; and  let 
two  balls  A B,  formed  of  clay  or  any 
other  inelastic  substance,  be  suspended 
to  as  to  hang  in  contact  at  the  middle  of 
the  arch.  Let  us  first  suppose  that  the 
balls  are  equal:  if  theyitw  separated, 
moved  from  the  middle  of  the  aieli  in 
opposite  directions  towards  its  extre- 
mities, and  permitted  to  descend  from 
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any  distance  to  the  lowest  pomt  0,  they 
wiU.  when  they  meet  there,  have  veloci- 
ties proportional  to  the  arches  through 
which  they  have  descended.*  Now,  if 
the  equal  balls  be  permitted  to  descend 
throng  equal  arches,  they  will,  there- 
fore, impinge  each  upon  the  other  *ith 
equal  velocities ; and  they  will  be  found, 
after  impact,  to  remain  quiescent,  each 
having  destroyed  the  force  of  the  other. 
Tliis  proves  that,  when  equal  masses 
have  equal  velocities,  they  have  equal 
forces ; for  if  their  forces  were  not  equal 
in  this  case,  the  united  masses  would, 
aflcr  impact,  move  in  the  direction  of 
that  which  had  the  greater  force. 


(20.)  Now  suppose  that  the  ball  A 
( fo.  6.)  is  double  the  weight  of  the  ball 
B ; let  A be  raised  towards  X to  the  divi- 
sion 3,  and  let  B be  raised  towards  Y to 
tlie  division  6 ; when  allowed  to  descend 
from  those  positions  tlieir  velocities  will 
be  as  3 to  6,  but  their  masses  are  as  2 
to  1 , and  therefore  their  forces  ought  to 
beas2x3tolx6;  that  is.  as  6 to  6, 
or  equal.  We  accordingly  find,  that 
after  impact  they  will  be  quiescent ; the 
equal  and  opposite  forces  having  de- 
stroyed each  other.  In  like  manner,  if 
balls,  whose  weights  are  as  2 to  3,  fall 
from  distances  which  are  as  6 and  4, 
their  forces  being  as  2 x G to  3 x 4,  or 
as  12  to  12,  will  be  equal,  and  after  im- 
pact the  united  masses  will  be  quiescent. 

In  the  same  manner,  however  the 
experiment  may  be  varied,  it  will  be 
found  tliat  the  product  of  the  numbers 

* Slrieilf,  the  Tclocltiei  are  at  the  chorda  of  the 
arches : hut  at  the  arrhet  nsed  in  this  ease  are 
small  romiiared  with  the  radiat,  ther  mar  be  coo* 
sidered  to  M nearly  proportional  to  their  chords.  It 
it  another  propertr  of  Ihit  aPDaratos,  that,  from 
whaterer  distance  from  the  roiaale  of  the  arch  tha 
balls  faJU  ther  will  arrire  at  the  middle  in  the  tame 
time.  This,  tiowerer,  like  the  property  jost  men* 
tioned,  if  only  troe  when  the  arcbci  aaed  are  mall 
•eapared  with  the  ridiw. 


representing  the  mass  and  velocify  al- 
ways truly  represents  the  moving  force. 

(21.)  To  return,  then,  to  the  case  of 
the  ea^  and  a body  near  its  surface, 
they  attract  each  other  with  equal 
forces ; and,  therefore,  in  their  conse- 
quent approach  to  each  other,  the 
earth  must  have  a velocity  as  many 
times  less  than  that  of  the  falling  body, 
as  the  mass  of  the  earth  is  greats  than 
that  of  the  falling  body.  Since  all  bo- 
dies which  can  oe  submitted  to  these 
circumstances  must  be  infinitely  smaller 
than  the  earth,  the  space  through  which 
the  earth  approaches  them  in  their  fall 
must  be  infinitely  smaller  than  the  space 
which  they  fall  through. 

To  take  a very  improbable  and  ex- 
treme case : suppose  a ball  of  earth  of 
a diameter  equal  to  the  tenth  part  of  a 
mile  were  to  be  placed  at  an  height 
above  the  surface  equal  to  the  tenth 
part  of  a mile ; let  us  consider  what 
space  the  earth  would  move  through 
to  meet  it.  The  earth's  diameter  being 
about  8000  miles,  and  spheres  being  as 
the  cubes  of  their  diameters,  the  mass 
of  the  earth  would  have  to  the  mass  of 
the  ball  the  ratio  of  512,000,000,000,000 
to  1 ; consequently,  if  the  tenth  part  of 
a mile  were  divided  into  512  millions  of 
millions  of  equal  parts,  one  of  these 
parts  would  be  pretty  nearly  the  space 
through  which  the  earth  would  move 
towaRis  the  falling  body.  In  the  tenth 
part  of  a mile  there  are  somewhat 
less  than  6400  inches : if  this  were  di- 
vided into  512  millions  of  millions  of 
parts,  «ich  part  would  be  the  eighty 
millionth  part  of  an  inch : it  is  there- 
fore through  a space  less  than  this  that 
the  earth  would  move,  under  the  cir- 
cumstances which  we  have  supposed. 

It  is,  therefore,  quite  evident  that,  with 
respect  to  falling  bodies,  the  earth  is  to 
be  considered  at  rest. 

(22.)  We  have  stated  that  bodies  at- 
tract each  other  in  proTOrtion  to  their 
quantities  of  matter.  Hence  the  earth 
attracts  different  bodies  with  different 
forces.  A piece  of  lead  contains  a consi- 
derably greater  quantity  of  matter  in  the 
same  bi3k  than  a piece  of  cork,  and  ac- 
cordingly we  find  mat  the  earth  attracts 
it  with  a proportionally  greater  force ; 
in  other  words,  it  has  greater  weight. 
It  is  for  this  reason  that  weight  is  Justly 
assumed  as  the  measure,  or  exponent  of 
the  quantity  of  matter  in  any  substance, 
whatever,  in  other  respects,  be  the 
species  or  qualities  of  that  substance. 

. (23.)  Butitisuotofensthemassesof 
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bodies  which  determine  their  mutual 
attractions.  Tlicir  distances  from  each 
other  affect  this  force.  It  is  found  that 
the  force  of  attraction  decreases  as  the 
distance  is  increased,  but  in  a still 
greater  proportion.  Thus,  for  example, 
a body  placed  upon  the  surface  of  the 
earth,  at  the  distance  of  40UU  miles  from 
its  centre,  is  attracted  with  a certain 
force  towards  that  centre.  At  double 
that  distance,  or  at  4000  above  the  sur- 
face, it  would  be  only  attracted  with  the 
fourth  part  of  that  force,  and  it  would, 
in  fact,  lose  tliree-fourths  of  its  weight. 

We  shall  not,  however,  pursue  tliis 
investigation  further,  since  it  more  pro- 
perly belongs  to  another  department  of 
the  science.  The  motions  to  which  we 
shall  have  to  call  the  attention  of  the 
student,  all  take  place  upon  the  surface 
of  the  earth,  or  so  near  it  that  the 
change  in  the  intensity  of  the  force  of 
wavity  arising  from  the  difference  of 
distance  is  altogether  insignificant.  We 
shall,  therefore,  consider  gravity  as  an 
uniform  force,  that  is,  as  an  attraction 
which  affects  the  same  body  in  the  same 
degree,  whatever  its  positron  may  be, 
and  which  affects  equ^  bodies  equally.| 

(24.)  The  earth  being  globular,  or 
nearly  so,  it  follows,  that  the  lines  in 
which  its  attraction  acts  convex  to- 
wards its  centre,  and  that  at  different 


parts  of  the  earth  the  lines  in  which 
falling  bodies  descend  are  not  parallel, 
but  are  such  as,  if  continued,  would  in- 
tersect at  the  centre.  In  considering, 
however,  the  action  of  gravity  on  bodies, 
at  places  not  far  distant  on  tlie  surface 
of  the  earth  ; we  may  assume,  without 
sensible  error,  that  the  directions  in 
which  it  acts  are  parallel,  and  that  they 
are  all  perpendicular  to  the  same  hori- 
zontal plane.  A distance  so  great  as  one 
mile  will  only  produce  a deviation  from 
parallelism  amounting  to  less  than  one 
minute,  or  the  sixtieth  part  of  a degree. 

(25.)  If  a body  be  put  in  motion  by 
an  impulse,  the  consequence  would  be, 
that  it  would  continu^y  move  in  the 
direction  of  that  impulse,  with  the  same 
uniform  velocity  with  which  it  com- 
menced its  motion,  provided  that  it  were 
free  from  resistances,  such  as  those  of 
frietion,  air,  &c.  The  force  of  gravity, 
or  any  other  attraction,  differs  essentially 
from  an  impulse.  An  impulse  acts  in- 
stantaneously, and  produces  all  its  effect 
at  once,  and  time  does  not  change  that 
effect.  On  the  other  hand,  attraction, 
such  as  gravity,  requires  time  to  mo- 
duce  any  effect  at  all,  and  the  effect 


produced  increases  exactly  in  the  same 
ratio  as  the  lime  of  producing  it.  When 
a body,  suspended  at  any  height  above 
the  surface  of  the  earth,  is  first  disen. 
paged,  it  commences  to  move  with  an 
infinitely  small  velocity,  but,  by  the  con- 
tinual action  of  the  attraction  of  the 
earth,  that  velocity  is  increased,  and  is 
constantly  increasing  during  the  descent 
of  the  body.  This  peculiar  s[iecies  of 
motion  is  therefore  called  accelerated 
motion,  and  tlie  force  which  produces 
it  is  called  an  accelerating  force. 

(26.)  To  explain  the  uniformity  of 
the  attraction  of  the  earth  upon  a falling 
body,  let  us  suppose  that,  at  the  end  of 
the  first  second  of  the  fall,  tlie  body  has 
received  a certain' velocity.  At  the  end 
of  the  first  two  seconds  it  will  be  found 
to  have  received  twice  that  velocity ; at 
the  end  of  the  first  tlirce  seconds,  three 
times  that  velocity,  and  so  on,  the  velo- 
city continually  increasing,  and  in  the 
same  ratio,  as  the  time  from  the  com- 
mencement of  the  descent  increa.ses. 

There  will,  therefore,  be  no  difficulty 
in  calculating  arithmetically  the  velo- 
city which  a falling  body  will  acquire  in 
any  time  from  the  commencement  of  its 
fall.  Let  g express  the  velocity  which 
it  would  acquire  in  one  second,  and  let 
T be  the  number  of  seconds  from  the 
commencement  of  its  fell,  and  V be  the 
velocity  acquired.  From  what  we  have 
stated,  it  must  be  evident  that  V is  as 
many  times  g as  there  are  seconds  in  T. 
Hence,  expressing  tliis  algebraically, 
we  have  V = g T. 

(27.)  We  have  stated  that  the  earth's 
attraction  acts  on  all  bodies  in  propor- 
tion to  their  quantities  of  matter;  in 
fact,  it  woiUd  seem  that  it  impressed  a 
separate  force  upon  each  particle  cf  a 
body,  and  equal  forces  on  all  the  parti- 
cles. Thus,  if  it  impress  a certain  force 
on  a solid  body,  that  force  is  maile  up 
of  the  forces  which  it  impresses  on  all 
its  several  parts,  so  that  if  the  solid  body 
be  broken  into  small  pieces,  each  piece 
will  be  attracted  as  strongly  by  gravity 
as  it  was  when  united  in  one  solid  mass 
with  the  other  pieces.  From  this  a 
very  remarkable,  and,  apparently,  false 
consequence  follows : viz.  that  all  bo- 
dies whatever,  large  and  small,  heavy 
and  light,  must  descend  with  the  same 
speed.  We  know,  however,  that  under 
ordinary  circumstances,  a feather  and  a 
piece  of  gold  will  not  fall  with  the  same 
speed ; and  we  know  further,  that  some 
bodies,  an  inflated  balloon  for  example, 
will,  instead  of  felling,  actually  risa. 
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These  ex»mples  appear  to  contradict 
the  conclusion  to  which  our  reasoning 
has  conducted  us,  but  they  only  appear 
to  do  so.  It  is  perfectly  true,  that 
graritv,  as  far  as  its  attraction  is  con- 
cernerf,  accelerates  the  descent  of  all 
bodies  equally;  but  when  bodies  fall 
under  ordinary  circumstances,  another 
force  opposed  to  gravity  is  produced, 
which  IS  the  resistance  of  the  air  on  the 
surface  of  the  descending  body.  Now 
this  resistance,  unlike  the  force  of  gra- 
vity, is  not  proportional  to  the  weight  or 
quantitj'  of  matter  in  the  body,  but  de- 
ends on  the  surface  which  the  body 
appens  to  oppose  to  the  air.  A feather 
exposes,  in  proportion  to  its  weight,  a 
much  greater  surface  to  the  air  than  a 
piece  of  gold  does,  and  therefore  suffers 
a much  greater  resistance  to  its  descent. 
That  it  is  the  weight  of  the  air  prevents 


a small  balloon  of  miiterials  strong 
enough  to  resist  the  clastic  force  of  the 
gas,  which  would  tend  to  biu-st  it  when 
placed  in  the  exhausted  receiver,  we 
should  find  not  only  that  it  would  not 
remain  at  the  top,  but  that  it  would  fall 
as  rapidly  as  a piece  of  lead. 

(29.)  Having  shown  that  the  velocity 
acquired  by  a falling  body  is  propor- 
tional to  the  time,  it  is  natural  to  inq^uire 
whether  any  rule  can  lie  obtained  by 
which  we  may  compute  the  spaces 
through  which  a body  will  fall  in  any 
given  time.  Such  a rule  may  be  easily 
derived  by  matliematical  rea.soning  from 
the  rule  already  given  for  tlie  velocity, 
but  the  reasoning  cannot  be  properly 
introduced  here.*  The  rule  itself,  how- 
ever, is  easily  understood.  If  a falling 
body  desceim  through  a certain  space 
in  the  first  second  of  its  fall,  it  will  de- 


thc  descent,  and  causes  the  ascent  of 
fhc  balloon,  will  be  seen  by  reference  to 
the  sixth  chapter  of  our  treatise  on 
Pneumatics,  ai-t.  (51.) 

(28.)  It  may,  however,  be  satisfaotoiy 
to  establish,  by  immediate  experiment, 
the  theorem  that  gravity,  acting  inde- 
pendently of  other  forces,  causes  all 
todies  to  descend  with  the  same  velocity. 

Jig.  7.  On  the  plate  E 
(Jig.  7.)  of  the  air 
immp,  place  a tall 
glass  receiver  It, 
oiKin  at  the  top. 
On  the  top  place  a 
brass  cover,  filling  it 
air-tight.  Through 
this  cover  let  a wire 
pass,  air-tight  also, 
and  Irearing  a small 
stage,  on  wliich  a fea- 
tlier  and  a piece  of 
metal  are  placed,  the 
stage  Il^g  so  con- 
trived as  to  fall  when 
tile  wiie  is  turned  by 
thchandatll.  This 
being  arranged,  let 
the  receiver  be  ex- 
hausted bythepunip, 
which  having  been 
effected,  turn  the 
wire  at  H,  so  as  to  let 
the  stage,  on  which 
tlie  feather  and  metal  are  pl.aced,  fall.  It 
will  be  found  that  the  fe.atlier  and 
metal  strike  the  pump  plate  E at  the 
same  instant.*  If  we  could  construct 

• TtiU  p^porirni’nl  ii  e.^lt*-!  il.c  “ 
featkvr  cxp*riin«n(.“  • guinex  having  been  vuuimou]/ 
vit(4  Ta*  (he  ^iece  of  mclaL 


seend  through  four  times  that  space  in 
the  first  two  seconds,  nine  times  that 
space  in  the  first  three  seconds,  sixteen 
times  that  space  in  Uie  first  four  seconds ; 
and  in  general,  to  find  the  space  it  will 
fall  tlirough  in  any  given  number  of 
seconds,  multiply  the  space  through 
which  it  falls  in  one  second  by  the 
square+  of  the  number  of  seconds  m tlie 
time  of  the  fall. 

Thus  if  m be  the  space  through  which 
a body  would  fall  in  one  second,  m T' 
is  the  space  through  which  it  will  fall  in 
the  mimlier  of  seconds  expressed  byT; 
and  if  8 be  tliis  space,  w e liave  S = m T*. 
We,  therefore,  oonm^y  say,  that  tbs 
spanes  through  which  a body  falls,  are 
as  the  squares  of  the  times  from  the 
beginniiu  of  its  faU. 

(30.)  We  shall  find  the  space  through 
which  a body  falls  in  the  second  tecottd 
of  its  descent,  by  subtracting  the  space 
fallen  through  in  the  first  second  from 
that  fallen  ttmough  in  the  first  two 
seconds.  Tlie  former  being  expressed 
by  m,  the  latter  is  4 m and  the  diti'erence 
is  3 m.  Again,  the  space  it  falls  through 
in  the  third  second  will  be  found  by  sub- 
tracting the  space  described  in  the  first 
two  seconds  which  is  4 m,  from  that 
described  in  the  first  tliree  seconds 
which  is  9 m,  and  the  difference  6 m is 
tlie  space  described  in  the  third  second. 
In  the  same  way  we  shall  find  that  7 »i, 

9 m,  11  Ri,  &c.  are  the  spaces  which  it 

• I.rt  8 b©  the  »pace  dewtrihed  by  the  fntlitis  body. 
V = Hencf,  rfT,  which  being 

girei  ^ <7.  'I^. 

f The  square  of  a number  ie  the  nviaber  bf 
reultipijring  (he  propowed  number  iUclf.  thu# 
y X J or  4 It  the  s<|nare  of  3, 3 X 3 or  9 is  the  stiutre 
of  tii.'My  and  so  oqi 
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falls  throng  in  the  fourth,  fifth,  sixth 
seconds,  &e.  respectively.  The  spaces, 
therefore,  through  which  a body  tails  in 
the  successive  seconds,  or  any  other 
^iial  portions  of  time,  are  as  the  odd 
integers,  1,3,  5,  7,  Sec. 

(31.)  From  these . investigations  it 
appears,  that  the  calculation  of  the  ve- 
locity which  a falling  body  acquires 
in  any  given  time,  depends  on  that 
which  it  acquires  in  one  second,  which, 
therefore,  it  is  absolutely  necessary 
to  know  in  order  to  be  able  to  com- 
pute any  other  velocity.  In  like  man- 
ner, in  order  to  bo  able  to  compute 
the  space  through  which  a body  will 
fall  in  any  given  time,  it  is  necessary  to 
know  the  space  through  which  a body 
would  fall  in  one  secontl.  The  velocity 
acquired  in  one  second,  and  the  space 
fallen  tlirough  in  one  second,  are  there- 
fore the  fundamental  elements  of  the 
whole  calculation,  and  are  all  that  are 
necessary  far  the  computation  of  the 
various  circumstances  attending  the 
phenomena  of  falling  bodies. 

(32.)  Ilut  even  these  two  elements 
are  not  independent.  If  we  knew  either, 
we  should  immediately  detect  the  other. 
This  circumstance  arises  fi-om  a very 
remarkable  relation  which  is  found  to 
subsist  between  the  space  through 
which  a body  falls  in  any  time,  and  the 
velocity  which  it  acquires  in  that  time. 
If,  after  a body  has  Ulen  by  the  action 
of  the  force  of  gravity  for  any  time,  say 
one  second,  the  action  of  the  soliciting 
force  were  suddenly  suspended,  what 
would  be  the  consequence  ? No  further 
velocity  would  be  communicated  to  the 
body,  since  the  cause  from  which  its 
constant  accession  of  velocity  proceeded 
is  suspended ; but,  on  the  other  hand, 
the  body  will  not  lose  that  velocity 
which  it  has  already  acquired.  It  wiU 
consequently  continue  to  fall,  but  in- 
stead of  descending  with  an  accelerated 
motion,  it  will  descend  with  the  velocity 
which  it  has  acquired,  continued  uni- 
form through  the  whole  of  its  descent, 
describing  equal  spaces  in  equal  times. 
In  this  case,  it  will  be  found  Uiat  the 
space  through  which  it  falls  in  each 
second  after  the  first  will  be  exactly 
equal  to  twice  the  space  through  which 
it  fell  in  the  first  second  by  tlie  force  of 
gravity.* *  Now  if  the  velocity  he  esti- 


* Br  Art  (96.)  w*  foaod  \ moT  \ aad  in  oof«  on 
art  (lA)  w«  obtained  KlimuialiaK  g by 

lb«M  ft|antioaSs  w«  obtain  V T.  But  V T 
u tb?  which  would  be  dcacribed  with  tb« 

nalftirm  vekwUy  V in  the  time  T,  and  ia,  therefore, 


mated  by  the  space  described  uniformly 
in  one  second,  it  will  follow  that  the 
velocity  acquired  in  one  second  is  ecjual 
to  twice  the  space  through  nhich  a 
body  will  fall  freely  by  liie  action  of 
gravity  in  one  second.  Thus  the  space 
wliieb  we  have  expressed  by  m is  equal 
to  half  of  that  which  we  have  expressed 
byg. 

(33.)  The  two  formuliE  expressing 
algebraically  the  relation  between  the 
space,  time,  and  the  velocity  .acquired, 
batome  therefore  V=-.g  T,  S = Jg  T“, 
where  g represents  tlio  velocity  acquired 
in  one  second  ; or  V=  2 ni  T S * m T*, 
whcic  m represents  the  space  through 
which  a body  falls  freely  in  one  se- 
cond. 

Tlic  follavring  Tvata  exliibits  the 
relation  of  the  spaces,  velocities,  and 
times,  conformal)ly  to  the  laws  which 
we  have  just  laid  ilowii.  The  space 
fallen  through  in  the  first  second  ii 


taken  as  tlie  unit  of  length : 
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and,  in  the  same  manner,  the  table 
miglit  be  continued  to  any  extent. 

(34.)  To  submit  the  several  laws 
which  wc  have  now  explained,  .as  go- 
verning the  descent  of  heavy  bodies,  to 
direct  exj^riment,  would  be  attend^ 
with  considerable  difficulties.  A body 
will  fall,  in  a single  second,  througli  tlio 
heiglit  of  about  sixteen  {>en)en(licular 
feet.*  In  two  seconds  it  will  therefore 
fall  through  sixty-four  feet;  and  in 
four  seconds  through  about  2S6  feet. 
Thus  if  our  experiments  are  limited 
to  four  seconds,  it  would  be  necessary 
tliat  we  should  command  an  height 
of  256  feet.  But  further : in  obserx'ing 
the  velocity,  considerable  diflicully 
would  arise  fi-om  its  magnitude.  The 
velocity  acquired  in  one  second  would 
be  one  of  32  feet  per  second  j and, 
therefore,  the  velocUy  acquired  m four 


(wk«  tli«  tpac«  S,  tiiroofk  which  lb«  body  falli  ia 
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seconds  would  be  1 28  feet  per  second, 
or  7680  feet  per  minute. 

Independently  of  these  difficulties,  the 
resistance  whicn  the  atmosphere  would 
offer  to  such  rapid  motions,  would  be 
BO  considerable  as  to  produce  a great 
discordance  between  the  effects  ob- 
served, and  the  laws  which  have  been 
laid  down  on  the  supposition  that  all 
resistances  to  the  free  descent  of  the 
body  are  removeil. 

(35.)  Nevertheless,  the  truth  of 
these  laws  can  be  established  by  the 
most  rigorous  experiments ; and  al- 
though the  impediments  to  which  we 
have  just  alluded  cannot  be  directly 
removed,  they  may  be  evaded.  It  oc- 
curred to  Mr.  George  Attwood,  that, 
if  a force  of  th»  tamf  kind  with  the 
force  of  gravity,  but  of  a much  less 
intensity,  could  be  obtained,  the  de- 
scent of  bodies,  actuated  by  such  a 
force,  while  it  would  be  regulated  by  the 
tame  lau»  as  the  descent  of  heavy  bodies 
by  the  force  of  gravity,  would  be  so 
slow  that  the  resistance  of  the  air 
would  produce  no  sensible  effect,  and 
at  the  same  time  all  the  particulars  of 
space,  time,  and  velocity  might  be  de- 
lioerately  observed,  and  accurately  mea- 
sured. To  realize  this  conception,  he 
passed  a fine  silken  thread  over  a groove 
in  the  edge  of  the  rim  of  a wheel  which 
turned  freely  on  an  horizontal  axle,  and 
from  the  ends  of  tlie  thread  he  sus- 
pended equal  weights.  In  this  state, 
the  weights  were  necessarily  in  equili- 
brium. To  one  of  the  weights  he  added 
a small  quantity,  so  as  to  give  it  a 
slight  preponderance.  It  consequently 
commenc^  to  descend,  causing  the 
lighter  weight  to  ascend.  Setting  aside 
the  effects  of  the  friction  of  the  wheel 
on  which  tlie  string  connecting  the 
weights  rested,  the  descent  of  the  weight 
was,  in  this  case,  one  of  uniform  acce- 
leration, similar  exactly  to  the  descent 
of  a heavy  body,  but  mffering  in  this, 
that  the  acceleration  might  be  rendered 
as  slow  as  might  be  thought  necessary 
for  the  purposes  of  convenient  and  ac- 
curate observation,  by  diminishing  to 
any  degree  the  preponderancy  given  to 
the  heavier  weight. 

(36.)  As  we  have  stated  that  light 
and  heavy  bodies  are  equally  aceme- 
rated  by  gravity,  it  might  M supposed, 
that,  since  the  equal  weights  first  sus- 
pended from  the  thread  counterpoise 
each  other,  the  additional  weight  sus- 
pended from  one  end  should  descend 
with  as  great  velocity  as  it  would  We 


by  the  immediate  action  ofgravily.  This, 
in  fact,  would  be  the  case  were  the  force 
which  gravity  exerts  upon  it  wholly 
spent  in  producing  its  descent ; but  it 
should  not  be  forgotten  that  the  ascent 
of  the  weight  at  the  opposite  end  of  the 
thread  is  to  be  accomplished  ; and  since 
the  original  weight  placed  upon  the  de- 
scending end  is  only  sufficient  to  coun- 
terpoise it,  it  can  have  no  share  in 
raising  it.  Its  elevation,  therefore,  is 
entirely  effected  by  the  force  which 
gravity  impresses  on  the  additional 
weight  placed  at  the  descending  end  of 
the  string ; and  all  the  force  tlius  spent 
in  drawing  up  the  opposite  weight  is 
necessarily  subtractetl  from  the  force 
with  whicn  the  additional  weight  at  the 
descending  end  falls.  The  ^ditioiud 
weight  has  also  to  draw  down  the  de- 
scending weight,  and  to  give  it  as  much 
moving  force  in  its  descent  as  it  gives 
to  the  ascending  weight  in  its  ascent. 
Hence  it  follows,  that  the  smaller  this 
additional  weight  is  in  comparison  with 
the  equal  weights  originally  suspended, 
the  slower  wdl  be  the  rate  of  its  de- 
scent 

It  still  remained,  however,  to  remove 
the  effects  of  the  friction  of  the  wheel, 
on  which  the  thread  connecting  the 
weights  turned.  Mr.  Attwood  accom- 
plished this,  by  an  ingenious  combina- 
tion of  wheels,  called  friction-wheels,  by 
which  the  axle  of  the  wheel  carrying 
the  thread,  instead  of  turning  in  cylin- 
drical holes,  rested  on  the  edges  of  other 
wheels,  by  which  means,  the  Unction 
against  the  inner  surface  of  the  holes  in 
which  the  axle  turned,  was  entirely 
avoided ; and,  if  all  friction  was  not 
removed,  as  far  as  it  affected  the  motion 
of  the  weights,  it  was  so  far  diminished 
as  to  produce  no  sensible  effect  upon 
the  motion  of  the  weights  in  the  expe- 
riments for  which  the  appaiatus  was 
used. 

(37.)  A representation  of  this  beau- 
tiful and  useful  contrivance  is  given 
in  Jig.  8,  (and  on  an  enlargetl  seme  in 
fig.  9,)  4 d d is  the  rim  of  the  wheel 
over  which  the  thread  sustaining  the 
weights  passes.  The  ends  of  the  axle 
of  tills  wheel  rest  upon  the  rims  of 
two  pairs  of  wheels,  as  is  represented  in 
the  figure,  and  already  described.  The 
stand  carrying  the  apparatus  is  sup- 
ported by  a strong  pillar,  and  immedi- 
ately under  this  stand  is  placed  an 
upright  shaft  C H,  divided  to  inches, 
half  inches,  and  tenths,  for  the  purpose 
of  measuring  the  rate  of  descent  A 


MECHANICS, 


and  B are  two  equal  cylindrical  weiglits 
auspended  from  the  ends  of  tlie  tlu^ad, 


IS 

which  rests  in  a groove  on  the  edge  of 
the  wheel  bed.  S is  a small  stage 
which  can  be  screwed  upon  the  gradit- 
ate<i  shaft,  at  any  particular  division  at 
which  it  is  designed  to  stop  the  descent 
of  the  weight.  G is  a clock,  attached 
to  the  principal  pillar,  which  beats  sc. 
conds,  in  order  to  mark  the  rate  of  dc- 
scent. 

The  weights  A B are,  commonly,  so 
adjusted,  that,  by  placing  on  the  lop  of 
the  cyhndrical  weight  A a weight  O of 
a quarter  of  an  ounce,  the  weight  will 
descend  through  three  inches  in  one 
second.  Thus  wc  have  obtain^  an 
accelerating  force,  which  is  sixty-four 
times  less  than  that  of  gravity,  and  yet 
which  retains  all  the  characteristic  pe- 
culiarities of  that  force.  In  fact  it  is 
the  force  of  gravity  correctly  represented 
in  miniature. 

(39.)  We  shall  now  show  how  this 
machine  is  applied  to  establish  by  expe- 
riment the  laws  which  regulate  the  de- 
scent of  heavy  bodies  and  which  have 
been  already  explained. 

Et.  I.  To  establish  these  laws  by 
experiment,  a ring  R is  provided,  at 
tached  to  a block  E,  which  can  be  fix^ 
by  a screw  to  any  division  of  the  gradu- 
ated shaft.  A bar  of  metal  y*is  also  pro- 
vided, weighing  a quarter  of  an  ounce, 
and  longer  than  the  diameter  of  the  ring 
R.  Let  the  ring  R be  fixed  by  the 
screw  to  any  division  of  the  scale,  and 
let  the  stage  S be  so  fixed,  that  when 
the  weight  A rests  upon  it,  the  top  of 
the  weight  will  be  six  inches  exactly 
below  the  ring  R.  This  done,  let  the 
weight  A be  elevated  by  drawing  down 
the  weight  B until  the  top  of  the  weight 
A is  exactly  three  inches  above  the 
rmgf  H.  Holding  the  weight  A in  this 
posiHon,  let  the  bar  F be  placwl  upon 
It,  and  obMrving  the  beats  of  the  clock, 
let  the  weight  A commence  its  descent 
with  any  beat.  It  will  be  found  that 
the  stroke  of  the  bar  F on  the  ring  R 
will  exactly  coincide  with  the  next  beat, 
and  that  the  stroke  of  the  weight  A on 
the  stage  8 will  coincide  precisely  with 
the  succeeding  beat  It  will  he  observed 
that  the  accelerated  motion  of  the  weight 
A for  the  first  second,  and  before  the 
bar  strikes  the  ring,  is  entirely  ow  ing  to 
the  action  of  the  force  of  gravity  on  the 
Mr  (36).  When  the  bar  is  taken  off 
the  weight  A by  the  ring  at  the  end  of 
the  first  second,  this  cause  of  accelera- 
tion ceases,  tlie  action  of  gravity  is  sus- 
pended, and  the  wei^t  A moves  on  to 
the  stage  8 willi  the  velocity  which  it 
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had  acquired  at  R.  Now  we  hare  seen 
that  this  velocity  was  such  that  it  moved 
through  six  inches  in  one  second. 

Ex.  2.  Again,  let  the  stage  be  placed 
so  that  when  the  w^ht  A rests  upon 
it,  the  top  of  the  weif^t  will  be  twelve 
inches  from  the  ring  R,  and  let  the 
weight  B be  depressed  until  the  top  of 
the  weight  A is  twelve  inches  above  the 
ring  R.  This  done,  let  the  bar  F be 
placed  on  the  weight  A,  and  let  that 
weight  be  disengag^  at  the  moment  of 
any  beat  of  the  clock ; it  will  be  ob- 
served that  the  stroke  of  the  bar  F upon 
the  ring  R will  coincide  exactly  with  the 
third  beat,  the  descent  through  twelve 
inches  Iwing  made  in  two  seconds,  and 
that  the  stroke  of  the  weight  A upon  the 
stage  S will  coincide  precisely  with  the 
fourth  bent,  the  weight  moving  through 
the  twelve  inches  below  the  ring  with 
the  velocity  it  has  acquired  in  two 
seconds. 

A'j".  3.  Now  let  the  stage  S be  once 
more  removed,  andplaced  so  that,  when 
the  weight  A stands  upon  it,  the  top  of 
the  weight  will  be  eighteen  inches  below 
the  ring  R.  I,ct  the  weight  B be  de- 
pressed until  the  top  of  the  weight  A is 
twenty-seven  inches  above  the  stage  S. 
Let  the  bar  F be  then  placed  upon  the 
weight  A as  before,  and  permitting  the 
weight  to  commence  its  descent  with  the 
first  beat  of  the  pendulum,  the  bar  will 
strike  the  ring  R with  the  fourth  Iwnt, 
and  the  weight  A wilt  strike  the  stage  S 
with  the  fifth  beat.  The  weight,  there- 
fore, descends  through  twenty-seven 
inches  with  an  accelerated  motion  in 
three  seconds,  and  at  the  end  of  that 
time  has  acquired  such  a velocity,  as  to 
move  through  eighteen  inches  in  a 
second. 

(39.)  Now  let  us  review  the  results  of 
these  three  experiments.  By  the  first  it 
appears,  that  the  velocity  acquired  in 
one  second  is  such  as  to  make  the  weight 
A move  at  the  rate  of  six  inches  per 
second.  By  the  second  experiment  it 
appears,  that  the  velocity  acquired  in 
tw  o seconds  is  twelve  inches  per  second ; 
and  by  the  third  experiment  it  appears, 
that  the  velocity  acquired  in  three 
seconds  is  eighteen  inches  per  second. 
Tlius  the  velocities  acquired  in  one,  two, 
and  three  seconds,  are  as  six,  twelve, 
and  eighteen,  which  numbers  are  as  one, 
two,  and  three.  Hence  the  law  before 
explained,  that"  the  velocities  acquired 
are  as  the  time  of  acquiring  them,”  is 
Veri  fieri. 

In  the  first  experiaent  the  weight  fell 
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through  three  inches  in  one  second ; in 
the  second  experiment  it  fell  through 
twelve  inches  in  two  seconds,  and  in  the 
third  it  fell  through  twenty-seven  inches 
in  three  seconds.  Now  the  numbers 
three,  twelve,  and  twenty-seven  are  as 
one,  four  and  nine,  which  are  the  squares 
of  one.  two.  and  three.  Hence  the  law 
already  explained,  I hat  “the  spaces  fallen 
through  arc  proportional  to  the  squares 
of  the  times,"  Is  verified. 

In  the  first  experiment  it  was  shown 
that  the  velocity  acquired  in  falling 
through  three  inches,  was  such  as  would 
carry  the  weight  in  the  same  time 
through  six  inches  when  continued 
uniform  and  without  further  increase. 
In  the  second  experiment  it  was  shown 
that  with  the  velocity  acquired  in  falling 
through  twelve  inches  in  two  seconds, 
tlie  weight  A would  move  through 
twelve  inches  in  one  second,  and  it 
would,  therefore,  move  through  twenty- 
four  inches  in  two  seconds.  In  lite 
manner,  in  the  third  experiment,  it  ap- 
peared that  with  the  velocity  acquired 
m falling  through  twenty-seven  inches 
in  three  seconds,  the  weight  A moved 
tlirough  eighteen  inches  in  one  second  ; 
and,  therefore,  would  move  through 
fifty-four  inches  in  three  seconds.  Each 
of  these  experiments,  therefore,  veri- 
fies the  law,  that,  " vrith  the  velocity 
which  a body  acquires  in  any  time,  it 
would,  if  that  velocity  were  continued 
uniform,  move  through  twice  that  space 
in  the  same  time." 

Also  hy  the  first  experiment  it  np. 
peared  that  the  space  fallen  through  in 
the  first  second  of  the  descent  was  three 
inches.  By  the  second  experiment  it 
appeared,  that  the  space  fallen  through 
in  the  first  two  seconds  was  twelve 
inches.  It  eon.sequently  follows,  that 
the  space  fallen  through  in  the  second 
second  must  have  been  nine  inches. 
By  the  tliird  experiment  the  space  fallen 
through  in  three  seconds  was  twenty- 
seven  inches.  Taking  fixim  this  tlie 
spaoe  fallen  through  in  the  first  two 
seconds,  which  is  twelve  inches,  the  re- 
mainder, fifteen  inches,  is  the  space  fallen 
through  in  the  third  second.  Thus  the 
spaces  descrilxxl  in  the  first,  second, 
and  third  seconds  of  the  fall  are  three, 
nine,  and  fifteen  inches  respectively, 
which  are  as  the  numbers  one.  three, 
and  five.  This  verifies  the  law  before 
explained,  that  " the  spaces  described 
by  a falling  body  in  the  successive  equal 
intervals  arc  ns  the  odd  integers." 

Since  the  heights  from  wliich  bodies 
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fall  arc  proportional  to  the  aquares  of 
the  timea  of  the  fall  (‘i9.),and  the  timea 
themselves  are  proportional  to  the  velo- 
cities (26.),  it  follows  that  the  heights 
are  proportional  to  the  squares  of  the 
velocities.  That  a body  may  acquire 
a double  veloci^,  it  is  requisite  that  it 
should  fall  from  a fourfold  height,  and 


CHA.PTSR  IV. — On  the  Centre  of 
Orarity, 

(40.)  We  have  stated  that,  at  a given 
place  upon  the  surface  of  the  earth,  the 
force  of  gravity  acts  on  all  bodies  in 
lines  which  are  parallel  to  each  other, 
and  perpendicular  to  an  horizontal,  or 
level  plane.  When  it  acts  upon  a single 
body,  it  does  not  act,  as  it  were,  by  a 
single  effort,  but  impresses  a separate 
force  upon  each  particle  of  the  body ; 
and  its  total  effect  is  composed  of  the 
sum  of  all  its  effects  thus  produced 
upon  the  particles.  Now  tliere  is  in  the 
body  a certain  point,  at  which,  if  the 
attraction  of  gravity  impressed  a single 
force,  equal  in  intensity  to  the  sum  of  all 
its  se]>arate  actions  on  the  component 
parts  of  the  body,  the  ultimate  effect 
would  be  the  same  as  it  is  under  the 
sy'stem  of  separate  action  which  really 
obtains.  Tliis  point,  the  existence  of 
which  we  shall  prove  experimentally, 
is  called  the  centre  of  gravity. 

(41.)  If  the  attraction  of  gravity 
were  confined  in  its  action  to  one  par- 
ticular point,  there  are  certain  effects 
which  would  veiy  evidently  ensue. 

Firet,  if  that  point  were  supported  or 
fixed,  the  body  would  rest  in  any  posi- 
tion whatever  in  which  it  should  be 
placed.  For  the  only  cause  which  we 
suppose  to  affect  it  so  as  to  produce 
motma,  acts  iqwn  a point  which  we 
fuppoaa  flxod. 

Secondly.  If  the  body  be  p^ectly 
tree  to  move,  the  point  on  which  the 
attraction  acts  will  commence  to  move 
in  the  direction  of  that  attraction,  and 
in  this  case  will,  therefore,  commence 
to  move  in  a line  perpendicular  to  an 
horizontal  plane. 

Thirdly.  If  the  body  be  suspended 
by  any  point  different  from  that  at 
which  alone  the  attraction  of  gravity  is 
supposed  to  act,  it  will  only  remain  at 
rest  in  two  positions,  snz.  when  the  at- 
tracted point  is  immediately  under  or 
immediately  over  the  point  of  suspen- 
sion. If  the  attracted  point  be  in  any 
Other  position,  the  body  will  move  round 


the  point  of  suspension,  all  its  parts 
describing  circles  round  that  point,  until 
the  attracted  point  settles  directly  under 
th^uint  of  suspension. 

These  effects  will 
be  evident  from  a lit- 
tle consideration.  Let 
A B be  the  body,  and 
P the  point  at  which 
it  is  suspended,  and 
round  which  it  is  ca- 
pable of  moving.  Let 
C be  the  point  at 
which  the  whole  at- 
traction of  gravity  is 
supposed  to  act — 

First,  suppose  this 
point  to  be  placed  in 
a line  P D,  vertically 
under  the  fixed  point 
P.  The  attraction 
then  acting  in  the  di- 
rection of  the  line  C D,  will  only  pro- 
duce a pull  on  the  point  P,  which  will 
resist  it,  and  no  motion 
will  ensue. 

Next,  let  the  point 
C be  in  a line  verti- 
cally above  the  fixed 
point  P.  The  whole  at- i 
traction  will  now  act  in/ 
the  direction  C D,  and! 
will  therefore  produce  a I 
wetsure  on  the  point! 

P,  which  will  be  re- 
sisted by  that  point, 
and  no  motion  wul  en- 
sue. 

Lastly,  let  C be  in  a 
position  neither  direct- 
ly above  nor  below  the 
fixed  point  P.  Draw 
C D'  perpendicular  to  an  horizontal 
plane,  and  parallel  to  C D,  and  taking 
fig.  12. 


any  portion  C o from  C,  draw  the 
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pdrallelogram  Cnom,  the  sides  no 
and  m C being  perpendicular  to 
P C B. 

By  (9.)  it  appears,  that  if  Co,  (yfg. 
1 3),’bc  taken  to  represent  tlie  whole  at- 
traction on  the  pomt  C,  it  is  equivalent 
13. 


to  two  separate  attractions  represented 
in  intensity  and  direction  by  the  lines 
C n and  C m,  and  its  effect  is  the  same  as 
the  united  effects  of  these  two  would 
be.  Now  it  is  obvious,  that  a force 
actinc^  from  C,  in  the  direction  C n, 
would  have  no  effect  in  producing  mo- 
tion, but  would  be  resisted  by  the  hxed 
point  P,  against  which  it  would  press, 
while  the  other  force  C m,  perpendicular 
to  C P,  would  tend  to  turn  the  body 
round  C P,  so  as  to  bring  the  point  C 
to  tlie  line  P D,  directly  below' the  point 
of  suspension  P,  in  which  position,  after 
aomc  oscillations,  it  would  rest. 

(42.)  From  this  investigation,  it  fol- 
lows, that  if  the  parallel  actions  of  the 
force  of  gravity  on  the  particles  of  a 
body  be  capable  of  being  rcprcsentctl  by 
an  equivalent  force,  acting  at  a single 
point,  that  point  may  be  determined  by 
the  properties  which  we  have  just  ex- 
lained.  Let  a body  which  is  bounded 
y two  parallel  planes,  he  suspended 
from  any  point  taken  at  pleasure  in  it. 
It  will  be  found  that  there  is  but  one 
position  in  which  it  will  hang  steadily 
at  rest,  and  without  swinging.  To  the 
point  of  suspension  let  a plumb  line  be 
attached,  and  let  the  line  in  which  it 
touches  the  plane  surface  of  the  sus- 
pended body  be  marked.  Let  the  body 
be  now  suspended  from  some  other 
oint  in  its  plane  surface,  and  let  another 
ne  be  drawn  upon  it  in  the  direction 
of  the  plumb  line.  This  process  being 
applied  to  any  number  of  different 
pomt3  in  the  si^ace  of  the  body,  and  a 


number  of  such  lines  being  drawn  upon 
it  in  the  direction  of  the  plumb  line,  it 
will  be  found  that  all  these  lines  will 
intersect  each  other  in  the  same  point. 
It  follows,  therefore,  that  this  point  hag 
the  property  mentioned  in  (4 1 .),  of  set- 
tling itself  vertically  under  the  point  of 
susi>ension  when  the  body  is  in  equili- 
brium. 

Next  let  the  point  thus  determined 
be  made  the  point  of  suspension,  and  it 
will  be  found  Umt  the  body  will  rest  in 
any  position  in  winch  it  may  be  placed, 
and  that  it  will  not,  under  any  circum- 
stances, vibrate  or  swing. 

Again,  let  the  body  he  suspended  by 
any  point  different  from  that  whicli  we 
have  here  determined,  and  let  it  be  so 
placed  that  Uiis  point  shall  be  placed 
vertically  over  the  point  of  suspension. 
It  will  be  found  that  the  body  will  re- 
main in  equilibrium  so  long  as  its  posi- 
tion is  not  changed ; but  upon  the  least 
impulse  which  moves  the  point  in 
question  from  its  position,  it  will  liim 
round  the  point  of  susptmsion,  and  settle, 
after  some  vibrations,  into  the  position 
directly  under  the  point  of  suspension. 

The  point,  the  existence  and  proper- 
ties of  which  are  thus  established,  is 
tlien  the  centrp  of  gravity. 

In  the  preceding  experiment,  we  have 
selected  a body  bounded  by  parallel 
planes,  for  the  purpose  of  simplifying 
the  experimental  process.  Slnctly 
speaking,  the  centre  of  gravity  is  not  at 
the  intersection  of  the  lines  tletermined 
by  the  plumb  line  on  the  plane  surface, 
but,  rf  a line  be  draw  n perpendicular  to 
the  plane  surface  tlirough  tlie  body,  it 
will  be  at  the  middle  point  of  this  line. 

If  we  could  conveniently  pierce  the 
dimensions  of  a body  by  straight  lines, 
Uie  centre  of  gravity  of  any  bo<ly,wIiat- 
ever  be  its  figure,  could  be  found  ex- 
perimentally by  the  same  process.  If 
it  be  successively  suspended  by  several 
points,  and  pierced  by  straight  lines,  in 
each  case  passing  in  a vertical  direction 
through  the  point  of  suspeasion,  it 
would  be  found  that,  however  minierous 
these  lines  might  be,  they  would  all  in- 
tersect in  one  point,  which  would  be 
the  centre  of  gravity  of  the  body. 

(43.)  By  these  properties  of  the  centre 
q/*^g/'an7y,  mechanical  problems  respect- 
ing the  effects  of  the  weights  of  botlies  are 
susceptible  of  considerable  simplifica 
tion;  tor,  instead  of  taking  into  considera- 
tion the  separate  effects  of  tlic  attraction 
of  gravitation  on  the  several  particles 
of  which  a body  is  composed,  it  will  ba 
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sufficient  to  eonsider  a single  force 
efiual  to  tlie  sum  of  all  these  separate 
attractions,  drawing  the  centre  of  gravity 
in  a line  perpendicular  to  an  horizontal 
plane,  wliicli  line  is  called  the  line  of 
mrection.  In  this  line  the  centre  of 
gravity  will  always  either  move,  or  en- 
deavour to  move,  and  it  will  always 
assume  the  lowest  position  which  the 
circumstances  under  which  the  body  is 
situated  will  admit  of. 

(44.)  If  by  the  application  of  external 
force  a body  be  so  adjusted,  that  the  cen- 
tre of  gravity  be  placed  in  the  highest 
position  which  the  circumstances  under 
which  the  body  is  situated  permit,  the 
body  will  remain  at  rest  so  long  as  it  be 
periectly  undisturbed ; but,  as  in  the 
case  of  suspension  already  mentioned, 
the  slightest  disturbance  will  cause  the 
centre  of  gravity  to  descend  to  the  low- 
est position.  Of  these  two  positions  in 
which  it  is  possible  for  the  body  to  rest, 
tlie  former  is  c.alksl  instable,  and  the 
latter  stable,  equilibrium. 

(45.)  If  a body  be  placed  upon  a 
plane,  its  stability  will  be  determined  by 
the  position  of  the  line  of  direction  with 
respect  to  the  base. 

Let  A B O D ( fig.  14.)  be  a body  rest- 
ing on  the  level  plane  L M.  Let  O be 


its  centre  of  gravity,  and  O N the  line 
of  direction  falling  within  the  base  A D. 
Since  the  whole  force  which  gravity 
exerts  upon  the  body  may  be  conceived 
to  bo  applied  at  (),  in  the  direction 
O N,  that  force  will  be  supported  or 
resisted  by  the  plane  L M,  and  the  body 
will  stand  firm. 

But  if4he  line  of  direction  ON  15.) 

fall  without  the  base  A D,  the  case  will 


bo  iKffercnt.  The  force  of  gravity  will 
now  act  upon  the  laxly,  so  as  to  make  it 
turn  over  the  edge  O,  and  fall  upon  the 


side  D C.  For  draw  O D,  and  from  N 
draw  N m perpendicular  to  D O,  and 
complete  the  parallelogram  N m O n. 
The  diagonal  N O being  taken  to  repre- 
sent the  whole  force  of  gravity,  it  may  be 
resolved  (9.)  into  two  forces,  represented 
by  O 771  and  O n.  The  force  Om  is  re- 
sisted by  the  plane  L M at  D,  and  the 
force  O 71  evidently  tends  to  turn  the 
body  round  the  point  D,  and  to  make  it 
fall  upon  the  plane  towards  the  point  M. 

If  tlie  line  of  direction  faU  upon  the 
edge  D of  the  base,  the  body  is  in  a 
state  of  instable  equilibrium.  For  let 
O D (y^.  16.)  be  perpendicular  to  the 
plane  L M,  and  witli  D as  centre,  and 


the  distance  or  radius  1)  O,  describe  a 
miaxlrant  of  a circle.  It  is  evident  that 
if  the  point  0 be  moved  towards  M,  it 
will  move  through  a part  of  the  circular 
arc  O E,  and  every  part  of  this  arc  is 
nearer  to  D M than  O,  and,  therefore, 
the  point  O must  descend.  Tlie  slightest 
disturbance  in  this  case  will  make  the 
body  fall  towards  M. 

(40.)  In  general,  the  higher  the  centre 
of  gravity  of  a body  is,  compared  with  the 
extent  of  its  base,  the  more  easily  will 
it  be  overturned.  This  will  be  easily 
explained.  Let  A B C D,  (_/lg.  17.)  be 
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a body  resting  on  the  horizontal  plane 
L M,  and  on  the  base  A D.  Let  O be 
the  centre  of  gravity,  and  O N the  line 
of  direction.  Draw  O D,  and  witli  D as 
centre,  and  the  radius  D O,  let  the  cir- 
cular arch  O F be  describctl.  In  onler 
that  the  body  A B C D should  turn  over 
the  edge  D,  it  vrill  be  necessary  that  the 
edge  A be  lifted  off  the  plane  L M to 
such  an  height,  that  the  point  O shall 
be  raised  through  the  arch  O E,  beyond 
the  point  E. 

Now  let  us  suppose  that,  Iw  placing  a 
load  G K,  (_/7g.  I S.)  over  A B C D.  the 
centre  of  gravity  be  raised  from  O to  O', 
it  will  be  only  necessazy  to  raise  the- 
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centre  of  p-avity  O'  through  the  arch 
O'  E.  in  order  to  turn  the  body  over 
the  edge  D. 


It  is  evident  that  a much  less  eleva- 
tion of  the  edge  A will  effect  this,  than 
that  which  would  be  necessary  to  raise 
the  centre  O through  the  arch  O E in 
the  former  case. 

The  danger  of  loading  carriages  hea- 
vily at  Uie  top,  when  the  lower  parts  of 
the  vehicle  are  comparatively  unloaded. 
Is  accounted  for  in  this  way,  and  also 
the  danger  arising  from  persons  stand- 
ing up  in  a boat  In  these  cases,  the 
centre  of  gravity  is  raised,  and  the  faci- 
lity with  which  the  vehicle  may  be  over- 
turned is  proportionally  increased. 

If  it  be  attempted  to  support  a body 
upon  a sharp  ]>oint,  considerable  diffi- 
culty will  be  felt  owing  to  the  practical 
impossibility  of  keeping  tbe  centre  of 
gravity  of  the  body  vertically  over  the 
point  on  which  it  is  sustained.  If,  how- 
ever, a motion  of  rotation  be  communi- 
cated to  the  body,  and  it  be  made  to 
spin  on  [the  point,  it  will  be  found  to 
be  balanced  with  comparative  ease.  In 
this  case,  the  centre  of  gravity  in  each 
revolution  of  the  body  assumes  every 
possible  position  round  the  point,  and 
has  an  equal  tendency  to  make  the  body 
incline  in  all  directions  round  it.  Con- 
sequently, its  tendency  to  make  the 
body  incline  in  any  one  direction,  is 
after  half  a revolution  counteracted  by 
an  equal  tendency  to  make  it  incline  in 
the  opposite  direction ; and  provided  the 
motion  of  rotation  be  sufficiently  rapid, 
these  opposite  tendencies  follow  in  such 
quick  succession,  that  they  counteract 
each  other  as  effectually  as  it  they  acted 
simultaneously. 

Chapter  V. — On  Water  coneidered 
<u  a Mechanical  Agent. 

(47.)  When  water  descends  from  any 

level  to  a lower  oue,  iu  weight  during 


the  descent  may  be  used  as  a mecha- 
nical agent.  That  this  may  be  possible, 
it  is  only  necessary  that  there  should 
be  a sufficient  supply  of  water  at  the 
superior  level,  and  that  there  should  be 
means  of  carrying  it  off  after  its  descent, 
so  as  to  prevent,  by  its  accumulation, 
the  equalization  of  the  two  levels.  The 
most  usual  means  of  giving  motion  to 
machinery  by  this  power  is  a wheel,  on 
the  circumference  of  which  the  weight 
of  the  water  is  made  to  act  in  its  descent, 
in  a direction  as  nearly  as  possible  at 
right  angles  to  the  radii ; this  pressure, 
however,  acting  only  at  one  side  of  the 
wheel.  Wheels  driven  by  this  power 
are  of  two  kinds,  the  overehot  wheel 
and  the  hreaet-wheel. 

The  diameter  of  an  over.shot  wheel  is 
nearly  equal  to  the  difference  of  tlie 
levels  of  tne  water  by  which  it  is  moved. 
A section  of  such  a wheel  at  right  angles 
to  its  axle  is  represented  va/ig.  1 9.  The 


rim  is  furnished  Vfith  buckets  which  re- 
ceive the  w ater  as  it  descends  from  tlic 
superior  level  h.  The  buckets  from  the 
top  II  of  the  w heel  to  the  end  F of  the 
horizontal  diameter  F G arc  constantly 
full  of  water,  while  those  from  F to  a 


point  o',  where  the  side  of  the  bucket 
becomes  level  or  horizontal,  arc  only 
partially  filled : those  from  o'  to  the 
lowest  point  L being  empty.  It  is  evi- 
dent that  the  buckeU  on  the  other  .side, 
G,  of  the  vertical  diameter  H L,  will  be 
all  cmp^. 

In  this  state  the  wheel  will  be  tmm^ 
round  by  the  weight  of  tlie  water  in 
the  buckets,  since  that  weight  acta 
entirely  on  one  side,  II  F L,  of  the 
wheel,  and  is  not  countenioised  by 
an  eciual  weight  on  the  other  side ; 
and  tire  wheel  will  continue  to  be 
turned  so  long  as  a supply  of  water  suf- 
c 3 
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ficient  for  the  purpose  is  received  from 
tile  superior  level  h. 

The  weights  of  the  water  in  the  seve- 
ral buckets,  however,  are  not  equally 
effective  in  turning  the  wheel ; this 
will  be  easily  perceived.  If  any  water 
were  contained  in  the  highest  bucket 
H,  its  weight  would  press  upon  the 
axle  O in  the  direction  H O.  This 
weight  would  be  entirely  sustained  by 
the  supports  of  the  wheel,  and  would 
contribute  in  no  degree  to  its  motion. 
From  the  several  buckets  a b c,  &c., 
conceive  the  lines  a A,  i B,  c C,  &c. 
drawn  perpendicular  to  the  horizontal 
diameter  F G.  Tlie  weight  of  the  water 
in  the  bucket  a has  the  some  effect  in 
making  the  wheel  revolve  as  if  that 
weight  acted  at  A,  by  the  arm  or  lever 
A O.  In  the  same  way  the  weights  of 
the  water  in  the  several  buckets  bed 
and  e have  the  same  effect  as  if  they 
acted  at  the  points  BCDE.  Now  it 
is  veiy  evident,  that  the  more  remote 
from  the  centre  0 a riven  weight  acts, 
the  more  effective  will  that  weight  be  in 
turning  the  wheel ; and  therefore,  the 
wattr  in  the  buckets  near  F is  propor- 
tionally more  effective  than  that  in  those 
near  H.  The  same  may  be  said  of  the 
backets  e"  <f  c'.  As,  however,  the  water 
begins  to  flow  from  each  bucket  as  it 
descends  from  the  end  F of  tlie  horizon- 
tal diameter,  these  buckets,  e' d!  c\  pro- 
duce a less  effect  than  those  edc  imme- 
diately above  them,  in  proportion  as 
thCT  contain  a less  weight  of  water. 

In  order  to  increase  the  power  of 
overshot  water-wheels,  engineers  have 
given  considerable  attention  to  the  con- 
struction of  the  buckets,  which  should 
be  so  shaped  as  to  retain  as  much  of  the 
water  as  possible  until  they  reach  the 
lowest  point  L,  but  to  retain  none  after 
they  pass  that  point:  in  fact,  each 
bucket  should  be  empty  on  arriving  at 
the  lowest  point  L,  but  should  remain 
filled  until  it  come  as  near  as  possi- 
ble to  that  point:  to  attain  this,  va- 
rious forms  of  buckets  have  been 
suggested.  That  which  has  been  gene- 
rally considered  best  is  represented  in 
<fg.  21. 

This  bucket  is  formed  of  three 
planes ; A B is  in  the  direction  of  the 
radius  of  the  wheel,  and  is  called  the 
etart,  or  shnulder ; B C is  called  the 
arm,  and  C H the  icriet.  These  buckets 
are  so  eonstructed,  tliat  when  A B 
makes  an  angle  of  35°  with  the  vertical 
diameter  of  ihe  wheel,  the  line  AD  is 
horizontal;  and  the  area  of  the  figure 


A D C B is  equal  fo 
that  of  F C B A ; so 
that  as  much  water  is 
retained  in  the  bucket  in 
this  position  as  would 
fill  F C B A : the  whole 
of  the  water  is  not  dis- 
charged until  C D be- 
comes horizontal,  which 
t^es  place  when  the 
line  A B is  very  near  the 
lowest  point. 

In  attempting  to  keep 
all  the  descending  buck- 
ets filled,  it  should  not 
be  forgotten,  that  the  increased  pres- 
sure upon  the  supports  of  the  axle  pro- 
duces an  increased  resistance  from  fric- 
tion ; and  therefore,  that  there  is  neces- 
sarily a certain  distance  from  the  highest 
and  lowest  point,  within  which  a weight 
in  a descencling  bucket  is  a positive  iime- 
diment  to  the  motion  of  the  wheel.  Triis 
will  be  readily  understood  by  commenc- 
ing with  the  extreme  cases  of  the  high- 
est and  lowest  buckets  themselves.  If 
these  be  filled,  the  weight  of  the  water 
which  they  contain  wm,  as  we  have 
before  stated,  have  no  effect  whatever 
in  turning  the  wheel,  but  will  press  oit 
the  supports  of  the  axle  with  ds  entire 
force ; the  friction,  being  proportional 
to  the  perpendicular  pressure,  will  there- 
fore be  increased ; and  hence  an  addi- 
tional resistance  to  the  effect  of  the 
water  in  the  descending  buckets  will 
^ created : thus  it  appears,  that  water 
in  the  highest  and  lowest  buckets  is  a 
positive  resistance  to  the  motion  of  the 
wheel.  Nowi,  suppose  the  buckets  a a' 
near  the  highest  and  lowest  jroints  be- 
filled,  two  effects  will  then  be  produced  ; 
an  additional  pressure  on  the  axle  ; and 
therefore  an  increased  resistance  will  be 
created  on  the  one  hand,  and  a moving 
force  with  the  leverage  A O will  be 
brought  into  action  ori  the  other  hand : 
but  when  the  buckets  a o'  are  verv  near 
tlie  highest  and  low  est  points,  the  lever- 
age A O will  be  very  small,  while  the 
increased  pressure  on  the  axle  will  be 
very  great.  Thus  the  increased  resis- 
tance may  be  greater  than  the  moving 
force  which  is  gained ; and  therefore,  on 
the  whole,  a loss  of  power  will  ensue. 

From  this  reasoning,  it  is  apparent 
that  there  is  a certain  distance  from  the 
highest  and  lowest  points  at  which  the 
momentum,  or  moving  power  of  the 
water  in  the  buckets  is  only  equal  to 
resistance  arising  from  friction,  which 
its  own  weight  creates ; and  it  is  very 
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plaia,  that,  ^’ithin  this  distance  from  the 
nighest  and  lowest  points,  a thU  bucket 
occasions  a positive  loss  of  power,  and 
even  beyond  tiiis  limit,  but  near  it,  very 
little  advantage  can  be  gained. 

There  is  a certain  velocity  with  which 
an  over'shot  wheel  should  move,  in 
order  to  produce  the  greatest  effect. 
Tiiis  will  be  evident  from  considering 
two  extreme  cases.  If  the  wheel  be 
so  loaded  as  to  render  the  weight  of 
water  insufficient  to  move  it.  the  velo- 
city becomes  nothing;  and  it  is  evident 
that  the  effect  becomes  nothing.  If,  on 
the  other  hand,  the  wheel  be  supposed 
to  lum  as  rapidly  as  the  water  would 
fail  freely,  it  is  evident  tliat  the  effect  of 
the  weight  of  the  water  in  the  buckets 
will  be  nothing,  since  they  descend  as 
fast  as  the  water  itself  would.  Between 
these  limiting  cases  there  is  an  interme- 
tliate  velocity,  which  will  give  the  best 
possible  effect. 

Mr.  Smeaton  concludes  from  expe- 
rience, that  the  best  general  rule  for  the 
velocity  of  the  circumference  of  an  over- 
shot wheel  is  three  feet  per  second ; 
and  he  considers  that  tliis  equally  ap- 
plies to  large  and  small  wheels.  In 
deviating,  however,  from  this  nUOk  he 
considers  that  high  wheels  lose  less  of 
their  effect,  in  proportion  to  their  whole 
power,  than  smaller  ones. 

(48.)  In  cases  where  the  height  of  the 
fall  is  considerable,  and  the  supply  of 
water  very  limited,  a contrivance  of  the 
kind  represented  in  fig.'ll  is  frequently 
used. 

An  endless  chain,  carrying  a series  of 
buckets  C F E D,  is  matle  to  revolve  on 
two  wheels  A B,  called  rag-wheeU. 
The  water  flows  into  the  highest  bucket 
at  N ; and  when  it  descends,  the  next 
bucket  D takes  its  place,  and  is  likewise 
filled,  and  thus  every  bucket  on  the 
side  C is  filled,  while  those  on  the  side 


E,  being  inverted,  are  empty ; the  chain 
of  buckets  is  therefore  constantly  car- 
Hg,  21, 


ried  round  in  the  direction  C F E D by 
the  weight  of  the  w'ater. 

(49.)  The  breast-icheel  is  another 
means  by  which  the  wei^t  of  water  is 
applied  ns  a mechanical  agent.  This 
wheel  is  furnished  at  its  edge  or  rim  with 
flat  boards,  called float-boards^  the  planes 
of  which  are  at  right  angles  to  the  plane 
of  the  wheel,  and  in  the  direction  of  the 
radii.  The  water  is  delivered  at  some 
point  near  the  end  of  the  horizontal  dia- 
meter. The  float-boards  are  fitted  to 
the  mill-course,  as  represented  in flg.  22, 
so  as  to  leave  only  as  much  play  as  is 
absolutely  necessary  for  the  free  motion 
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of  the  whed,  so  that  the  water  may  be 
retained  between  the  float-boards  and 
the  miU-coursB,  and  tliat  it  may  act  by 
its  weif^ht  untU  it  has  arrived  nearly  at 
the  lowest  point  of  the  wheel. 

(50.)  An  undershot-tcheel  is  driven 
exclusively  by  the  momentum  or  moving 
force  of  water,  and  is  quite  independent 
of  its  weight.  Like  the  breast-wheel  it 
is  furnished  with  float-boards,  against 
wliich  the  water  is  delivered  by  a sloping 
canal  at  the  under  part  of  tlie  wheel,  as 
represented  in  _fig.  23. 

y??.23. 


The  effect  of  such  a wheel  depends  on 
the  quantity  of  water  in  the  mill-course, 
and  the  velocity  with  which  it  strikes 
the  float-boards.  The  velocity  will  de- 
pend on  the  height  of  the  fall,  which 
therefore  should  be  as  much  increased 
as  the  peculiar  circumstances  of  the 
situation  will  admit. 

Much  difference  of  opinion  has  sub- 
sisted among  mechanical  ^vriters  re- 
specting the  best  number  of  float-boards 
in  undershot-wheels.  Bossut  shows, 
that  when  the  velocity  of  tlie  wheel  is 
given,  there  is  a certain  number  of  float- 
boards,  which  produces  the  greatest  ef- 
fect. 


Tlie  rule  of  Bossut,  however,  is  not 
simple  enough  to  be  of  use  to  the  prac- 
tical mechanic.  In  general,  it  may  be 
observed  tliat  the  wheel  may  be  fur- 
nished with  as  great  a number  of  float- 
boards  as  the  strength  of  the  rim  to 
which  tliey  are  attached  will  conveni- 
ently admit,  care  being  taken  at  the  same 
time  not  to  overload  the  wheel  by  their 
weight.  The  injury  arising  from  having 
too  limited  a number  of  float-boards  is 
much  greater  than  any  which  could 
possibly  arise  from  the  opposite  error. 

(SI.)  In  estimating  the  ^wer  of  a 
stream  on  an  undershot-wheel,  it  is 
frequently  necessary  to  measure  the 
velocity  of  the  stream,  and  the  quan- 
tity of  water  which  flows  through  its 
bed.  Various  methods  have  been  sug- 
gested of  measuring  the  velocity  of 
a stream.  Une  of  the  most  simple  is 
to  stretch  two  strings  across  it,  each 
pei'pendicular  to  its  course,  and  at  as 
great  a distance  one  from  the  other 
as  may  be  found  convenient.  Let  a 
light  floating  body  be  flung  into  the 
stream,  above  tlie  higher  string,  and  let 
the  moment  of  its  passing  under  each 
string  be  observed  by  a clock  which 
beats  half  or  quarter  seconds.  The 
time  of  the  passage  of  the  floating  body 
from  the  one  string  to  the  other,  will 
thus  be  obtained,  and  by  measiuing  the 
distance  between  the  two  strings,  the 
rate  at  which  it  was  carried  along  by  the 
stream  will  be  found,  which  will  be  tlie 
velocity  of  the  stream. 

A more  accurate  method  of  deter- 
mining the  velocity  of  a stream  is,  by  a 
small  wheel,  furnished  with  fioat-lxiaids 
as  represented  iny^.  24.  This  wheel  is 


about  one  foot  in  diameter,  and  moves 
upon  a fine  screw  a b,  passing  through 
its  axle  B b.  When  the  float-lxiards  arc 
impelled  by  the  stream,  the  axle  B b will 
be  turned  upon  the  screw  a b,  and  will 
approach  toward  D.  each  revolution 
moving  it  through  one  thread  of  tlie 


screw.  An  index  oA  is  fixed  to  the 
movable  axle  at  A,  and  when  the  wheel 
commences  its  motion,  the  point  of  the 
index  is  at  0 on  the  fixed  scale  m a.  As 
the  wheel  moves  towards  D,  each  revo- 
lution moves  the  index  oA  over  one 
division  of  the  graduated  scale,  so  that 
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the  number  of  reroluSons  of  the  wheel 
performed  in  e fpren  time  may  be  thui 
found.  Another  rectanf^ar  index  mnp 
shows  tlie  parts  of  a revolution.  At  the 
commencement  of  the  motion,  the  point 
p is  directed  to  0 on  the  graduated  rim 
of  the  wheel. 

Having  found  by  this  instrument  the 
number  of  revolutions  and  fractional 
parts  of  a revolution  which  have  been 
performed  in  a given  time;  multiply 
the  circumference  of  the  wheel  by  that 
number,  and  we  shall  then  find  tlie  ve- 
locity with  which  the  circumference  of 
tlie  wheel  moves. 

(52.)  The  third  property,  in  virtue 
of  which  water  l)ccoraes  a mechanical 
agent,  is  that  power  which,  in  common 
with  all  fluids,  it  possesses  of  transmit- 
ting pressure  equally  in  every  direction. 
If  water  be  confined  in  any  vessel,  and 
a pressure  to  any  amount  be  cxerfetl  on 
a square  inch  of  that  water,  a pressure 
to  an  equal  amount  will  be  transmitter! 
to  every  square  inch  of  the  surface  of 
the  vessel  m which  tha  water  is  con- 
fined. 

One  of  the  most  remarkable  instances 
of  the  employment  of  this  projH-rty  as  a 
mechanical  agent,  is  in  Bramah's  hy- 
drostatic press,  the  theory  of  svhich  is 
extremely  simple.  A large  solid  plug  or 
piston  A B (/g.  25.)  is  constructed  so  as 
to  move  water-tight  in  a cylinder  C 1), 
The  space  beneath  the  piston  is  filled 
with  w ater,  and  communicates  by  a pipe 
E F with  a small  forcing-pump,  worked 
by  the  piston  G,and  by  which  the  water  is 
forced  into  the  cliamilicr  of  the  cylinder 


C D below  the  great  piston.  Let  us  now 
suppose  the  entire  space  between  the 
two  pistons  to  be  filled  with  water,  and 
a pressure  of  one  pound  exerted  on  the 
water  by  means  of  the  piston  G of  the 
foremg-pump.  Let  us  also  suppose  that 
the  diameterof  frw  piston  G is  a quarter 
of  an  inch,  and  Uie  diameter  of  the 
piston  B is  one  foot  In  tliat  cose,  tlie 


base  of  the  piston  B,  which  is  pressed 
by  the  water,  is  2304  times  the  base  of 
the  piston  G,  which  presses  the  water, 
and  in  virtue  of  the  power  of  transmit- 
ting pressure  to  which  we  have  already 
alluded,  a pressure  of  one  pound  will  be 
transmitted  to  every  part  of  the  base  of 
the  greater  piston  wliich  is  equal  to  the 
base  of  tlie  less.  I’hus  an  urging  pressure 
of  one  pound  on  tlie  base  of  the  lesser 
piston  G will  produce  a pressure  of 
2304/As.  against  the  base  of  the  greater 
pUtoii  B.  This  property  of  fluids,  there- 
fore, seems  to  invest  us  with  a power  of 
increasing  the  intensity  of  a pressure 
exerted  by  a comparatively  small  force, 
without  any  other  limit  tlian  that  of  the 
strength  of  the  materials  of  which  the 
engine  itself  is  constructed. 

This  property  of  liquids  also  enables 
us  ivith  great  facility  to  transmit  the 
motion  and  force  of  one  machine  to 
another,  in  cases  where  local  circum- 
stances preclude  the  possibility  of  insti- 
tuting any  ordinary  mechanical  con- 
nexion between  the  two  machines.  Thus 
merely  by  means  of  water-pipes  the 
force  of  a machine  may  be  transmitted 
to  any  distance,  and  over  inequalities  of 
ground,  or  through  any  other  obstruc- 
tions. 

Chapter  VI. — Air  conridered  <u  a 
Mechanical  Agent. 

(53.)  Ain  may  become  a mechanical 
agent  by  means  of  its  four  properties, 
weight,  inertia,  fluidity,  or  power  of 
transmitting  pressure,  and  its  ela.sticit3'. 

In  our  treatise  on  P.neumatics,  Chap- 
ter III.,  it  was  proved,  that  a column  of 
air,  whose  brje  is  one  square  inch,  and 
whose  height  is  that  of  the  atmosphere, 
weighs  about  fifteen  pounds.  Conse- 
quently, it  follows,  (hat  an  horizont.al 
surface  sustains  a weight  or  pressure 
amounting  to  fifteen  times  as  many 
pounds  as  there  are  square  inches  in  its 
extent.  If  then  we  have  a solid  sub- 
stance with  an  horizontal  surface,  for 
example,  a piston  pkiced  in  a vertical 
cylinder,  and  that  we  are  able  by  any 
moans  to  remove  all  resistance  from 
below  it,  it  will  be  forced  down  by  a 
mechanical  pressure  of  fifteen  times  as 
many  pounds  as  there  arc  square  inches 
in  its  upper  surface,  and  in  this  way  a 
mechanical  agent  of  a power  limited 
only  by  the  magnitude  of  the  piston  will 
be  obtained. 

But  peculiar  difficulties  in  giving 
efficacy  to  Uiis  power  arise  froni  two 
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oll'.i?!*  properties  of  air,  its  fluidity  and 
its  drtsUcity.  Eyihe  former  it  trans- 
iiiits  the  pressure  arisincf  from  the 
weight  of  the  incumbent  atmosphere 
equuily  in  every  direction,  so  ttiat  it  is 
not  only  an  horizontal  surface  which 
sustains  the  pressure  of  15ll)s.  per  inch, 
but  surfaces  in  all  possilde  directions 
and  positions  sufTcr  tlie  same  pressure. 
Aho,  by  reason  of  air  beinc^  an  elastic 
iluid,  it  expands  itself,  so  as  to  fill  every 
open  space  not  actually  occupied  by 
oUier  bodies,  whether  solid  or  fluid. 
Consequently  in  the  case  wc  have  sup- 
posed, air  must  occupy  the  space  in  tlic 
cylinder  below  the  piston  as  well  as 
above  it,  and  if  so,  the  fluidity  of  the 
air  will  transmit  the  pressure  arising 
from  the  weight  of  the  atmosphere  to 
the  lower  surface  of  tlie  piston  >vilh  un- 
diininishcd  force,  and  thus  we  shall 
liave  the  piston  pressed  upwards  and 
downwaixls  with  equal  forces,  and  con- 
sormently  no  mechanical  advantage 
will  be  obtained. 

(34.)  It  appears,  therefore,  that  before 
the  weight  of  tJic  atmosphere,  whether 
acting  immediately  downwards,  or  trans- 
mitted laterally,  obliquely,  or  upwards, 
by  means  of  its  fluidity,  can  be  used  as 
a mechanical  agent,  it  is  indispensably 
ncct'SSfUy^  that  the  air  be  removed  from 
the  other  side  of  the  body  on  which  this 
weight  or  pressure  is  designed  to  act. 
Hccurring  to  the  example  of  a piston  in 
a cylinder,  it  is  necessary  to  remove  the 
air  from  one  side  of  the  piston  before 
its  weight  or  pressure  can  take  elFect 
upon  the  other  side.  Now  if  this  re- 
moval, as  is  often  the  case,  l>c  effected 
by  mechanical  means,  it  must,  on  the 
slightest  consideration,  be  quite  appa- 
rent tlmt  it  will  require  exactly  as  much 
force  to  remove  the  air  from  one  side 
of  the  piston,  as  will  be  subsequently 
gained  by  Uie  pressure  of  tlie  utraos- 
]>here  on  the  other  side.  Suppose,  for 
example,  that  from  two  feci  in  length 
of  thccvUmler  below  the  piston,  the  air 
which  \t  originally  contained  be  with- 
drawn by  mechanical  force.  To  effect 
this  will  require  a force  of  at  least  13lbs. 
for  every  square  inch  in  the  section  of 
Mie  cylinder,  acting  through  the  space 
'sftwo  feet,  and  after  H has  been  effected 
the  piston  will  be  forcedintolhe  vacuum 
with  exactly  the  same  force. 

It  appears,  therefore,  tliat  in  order 
to  render  llie  atmospheric  pressure  an 
available  mechanical  agent,  a vacuum, 
or  a partial  vacuum,  must  alwtu's  be 
produced;  and  further,  that  if  tills 


vacuum,  or  rarefaction,  be  produced  by 
mechanical  means,  no  power  will  be 
gained,  since  it  will  always  require  as 
much  force  to  accomplish  this,  as  will 
be  exerted  by  the  atmospheric  pressure 
wlien  it  has  been  accomplished.  In 
the  use  of  mechanism,  however,  the 
gaining  of  power  is  not  always  the  end 
to  !)e  attained.  It  is  frequently  a matter 
of  gieat  convenience,  and,  in  a certain 
sense,  of  gieat  mechanical  advantage, 
to  be  able,  by  a power  which  acts  in 
some  particular  manner,  to  obtain  ano- 
ther €(jual  power,  whose  mode  of  action 
may  be  different,  and  better  suited  to 
the  purpose  to  wliich  mechanical  agency 
is  to  l)€  applied.  This  is,  in  fact,  the 
case  in  every  instance  in  which  the 
atmospheric  pressure  is  obtained  by 
mechanical  rarefaction,  and  in  every 
such  case  tlie  atmospheric  pressure 
should  not  l^e  looked  upon  as  the  prime 
mover,  but  rather  as  an  intermediate 
agent  deriving  its  entire  efficacy  from 
tliat  power,  whatever  it  may  be,  which 
is  used  to  produce  the  rarefaction.  A 
most  obvious  instance  of  this  may  be 
obserx'cd  in  the  common  suction-pump, 
described  in  our  Treatise  on  Pneumatics, 
Art.  40.  This  machine  is  introduced 
into  that  treatise,  not  because  it  owes 
its  original  mechanical  efficacy  to  the 
pneumatical  principle  of  atmospheric 
pressure,  but  because  this  principle  is 
involved  in  the  detail  of  its  operation. 
In  this  machine,  the  first  mover  is  the 
power,  whatever  it  be,  which  works  the 
piston.  Tills  power,  at  the  commence- 
ment of  the  operation,  produces  a rare- 
faction in  the  space  between  the  piston 
and  tlie  surface  of  the  water  in  the  well. 
The  weight  of  Uie  atmosphere  acting 
upon  the  external  surface  of  the  water 
in  the  well  forces  into  the  pump-barrel 
just  so  much  water  as  tlie  power  applied 
to  the  pump-rod  would  have  been  ca- 
pable of  lifting,  were  it  immediately 
applied  to  that  purpose.  This  appears 
very  evident  irom  the  investigation 
contained  in  Art.  42.  Pneumatics. 

What  we  have  obser>’ed  of  the  suc- 
tion-pump may  be  applic-d  in  general  to 
all  cases  where  the  atmospheric  pres- 
sure receives  its  efficacy  from  mecha- 
nical rarefaction.  Strictly  speaking,  we 
cannot  consider  the  atmospheric  pres- 
sure as  a first  mover  at  all ; the  first 
mover  is  the  cause,  whatever  it  be, 
w hether  mechanical  or  otherwise,  which 
produces  the  rarefaction. 

(3.3.)  By  that  quality  called  inertia, 
air,  when  in  motion,  exerts  a force  upon 
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any  solid  body,  which  obstructs  its 
coiu-se.  (Pneumatics,  Art.  9.)  This 
Ibrce  is  used  as  a first  mover,  by  means 
analo^us  to  water-wheels,  vu.  by  flat 
surfaces  exposed  to  the  impact  of  the 
wind,  by  that  impact  made  to  revolve 
on  a centre.  ^Vhcn  this  rolatoi^’  motion 
is  once  produced,  it  may  be  easily  trans- 
mitted, and  modified  by  machinerj%  and 
applied  to  any  required  pur|)ose. 

If  the  sails  of  a windmill  be  con- 
structed in  a manner  analogous  to  the 
float-boards  of  an  undershot-water- 
wheel, the  plane  of  the  wheel  must  be 
in  the  direction  of  the  w ind ; and  it  is 
evident  that  one  half  of  the  wheel  must 
be  sheltered  from  the  action  of  the  wind, 
for  otherwise  equal  forces  would  tend 
to  turn  the  wheel  in  opposite  din*ctions, 
and  no  motion  would  ensue.  Hesiiles 
this,  the  wind  would  act  with  very  little 
advantage  on  those  sails  whose  planes 
are  nearly  in  its  own  direction.  For 
this  reason  windmills  of  this  construc- 
tion are  not  generally  used.  On  the 
other  hand,  the  , arras  which  carry  the 
sails  revolve  in  a plane  facing  the  w ind. 
In  this  arrangement,  if  thcsails  were  in 
the  same  plane  with  the  arras,  the  wind 
would  fall  jierpendicularly  upon  them, 
and  merely  press  the  arms  against  the 
building  per^ndicular  to  the  plane  in 
which  tliey  arc  designed  to  move.  If, 
on  the  other  hand,  the  sails  were  per- 
pendicular to  the  plane  in  which  the 
arms  move,  their  edges  would  be  pre- 
sented to  the  wind,  and  would,  there- 
fore, offer  no  resistance,  and  there 
would  be  no  motion.  In  order  to 
make  the  arms  revolve,  the  sails  must, 
therefore,  l)c  placed  in  some  direction 
intermediate  between  those  of  the  wind 
and  the  plane  in  which  the  arms  re- 
volve. 

The  most  accurate  experimentalists 
and  the  most  profound  mathematicians 
have  institutevl  inquiries,  practical  and 
theoretical,  to  determine  that  position 
which  should  be  given  to  sails  of  wind- 
mills, in  onler  to  product!  the  best 
effect.  Most  of  the  tncorctical  calcula- 
tions on  this  difficult  subject  have  been 
vitiated  by  conditions  and  hypotheses, 
which  arc  inadmissible  in  practice. 
The  angle  which  Parent  and  others 
deduced  from  mathematical  calculation 
to  be  the  best  at  which  the  planes  of 
the  sails  could  be  inclined  to  the  axis  of 
motion  or  the  direction  of  Uie  wind, 
was  found  to  be  one  of  the  worst  in 
Mr.  Smeaton's  experiments.  The  posi- 
tion determined  by  Porenf,  w&s  the  best 


at  the  beginning  of  motion,  but  his  cal- 
culation proceeded  on  the  supposition, 
that  the  wind  struck  the  sail  at  rest , 
and  was,  therefore,  inapplicable  to  the 
continuance  of  it.s  action. 

When  tlie  wind  acts  upon  the  sail  in 
motion,  it  is  necessary  to  lake  into  ac- 
count the  velociiiea  both  of  the  sail 
and  the  wind.  For  if  the  sail  moved 
before  the  wind  with  a .sjhhhI  equal  to 
that  of  the  wind  itself,  no  etfcct  would 
be  produced.  Tlie  effect  will  depend 
on  tne  ditterence  of  the  velocities,  that 
being  the  velocity  with  which  the  wind 
strikes  the  sail.  Now  as  the  obliquity 
of  the  sail  to  the  w ind  should  depend 
on  the  force  with  which  the  wind  acts 
upon  it,  and  as  those  parts  of  the  sail 
w nich  are  nearer  to  the  centre  of  motion 
move  more  slowly  than  those  which  are 
more  remote,  it  follows  that  the  posi- 
tion of  the  sail  should  vary  at  different 
distances  from  the  centre  of  rotation. 
From  several  experiments  executed  on 
a large  scale,  Mr.  Smeaton  concluded 
the  following  (tositions  to  t>e  among  the 
best.*  Let  the  radius  be  conceived  to 
be  divided  into  six  equal  parts,  and  let 
the  fii*st  part,  Iwginning  fromUie  centre, 
be  called  I ; the  second  2,  and  so  on ; 
tiie  extreme  part  being  6. 


No. 

Ao{t>  with  tho  pLi 

tb^  axia. 

of  th«  motion. 
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71 
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3 

72 

IS 
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74 
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5 

m 
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G 

83 

7 

^(5G.)  Tlie  last  property,  in  virtue  of 
which  we  have  s(ate<l  that  airl>ecomes  a 
mechanical  agent,  is  its  datfticiiy.  Tlic 
nature  of  this  property*  and  the  laws 
by  which  it  acts,  have  already  been  ex- 
plained incur  treatise  on  Pneumatics, 
Chap.  IV.  When  this  property  is  con- 
sideretl  as  a mechanical  agent,  it  is 
subject  to  nearly  the  same  observations 
ns  we  have  already  applied  to  the  weight 
and  pressure  of  the  atmosphere.  To 
give  effect  to  tlie  clastic  force  of  air,  it 
IS  nece.ssarj’  that  it  should  predominate 
over  the  weight  of  the  atmosphere,  a 
pressure  to  which,  as  we  have  before 
stated,  ail  bodies  in  their  ordinary  state 


• TSf  r^semMane*  which  tbt  Swt  form  of 
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are  aubjeet.  If  Increased  elasticitjr  be 
communicated  to  air  b]r  mechanical 
means,  it  must  be  by  compression  or 
condensation.  It  is  evident,  that  in  this 
case,  no  power  whatever  will  be  gained, 
in  as  much  as  it  will  require  exactly  as 
much  power  to  produce  a given  degree 
of  condensation  in  a ^ven  quantity  of 
air,  as  is  equal  to  the  increased  elasti- 
city with  wnich  that  condensed  air  will 
be  endued.  However,  in  this  case,  as 
in  that  of  the  ordinary  use  of  atmos- 
pheric pressure,  although  no  power  be 
gained  by  mechanical  condensation,  yet 
considerable  advantage  may  be  derived 
from  this  as  a meth^  of  transmuting 
one  power  into  another,  and  ns  means 
of  accumnlating  the  efPrets  of  a small 
intermitting  power,  so  as  to  convert  it 
into  a severe  or  continued  pressure. 

We  have  already  seen  an  instance  of 
this  in  the  air-gun.  (Pneumatics, 
Art.  52.)  If  we  attempted,  by  mere 
manual  force,  to  project  a bullet,  we 
should  find  our  efforts  attended  with  but 
a small  effect ; but  if  it  were  possible  to 
unite  in  one  impulse  the  combined  force 
of  a vast  number  of  separate  impulses, 
we  should  produce  the  desired  effect. 
The  air-gun,  then,  is  nothing  more  than 
a contrivance,  by  which  a great  number 
of  separate  exertions  of  our  strength 
are  accumulated  and  combined,  and 
made  to  act  simultaneously.  The  pro- 
cess of  condensing  the  air  is  conducted 
by  a number  of  suooessive  muscular 
exertions  ; and  the  elastic  force  wliich 
the  condensed  air  thus  receives,  is  ex- 
actly equal  to  the  sum  of  these  seve- 
ral exertions  of  human  strength,  and 
may,  therefore,  be  considered  as  a ma- 
gazine in  which  these  separate  exertions 
are  contained  in  such  a manner,  that 
their  combined  intensity  may  be,  at  any 
moment,  applied  to  the  ball  or  other 
missile  to  be  projected. 

In  this  instance,  the  object  to  be  at- 
tiuned  is  the  production  of  a severe  but 
instantaneous  efibet.  The  elastic  pro- 
perty of  air  is  also  sometimes  used  to 
convert  an  intermitting  or  reciprocating 
action  into  a continued  and  uniform 
one.  The  fire-engine,  described  in  our 
treatise  on  Pnbcmatics,  Art  48,  is  an 
instance  of  this.  The  force  which  works 
the  pistons  is  intermitting  or  reciproca- 
ting, while  the  pressure  of  the  condensed 
air  in  the  air-vessel,  produced  by  that 
intermitting  force,  is  continuous  in  its 
action.  Its  total  action,  however,  must 
be  precisely  equfd  to  the  sum  of  the 
forces  whiw  depress  the  pistons. 


The  force  of  condensed  dr  may  be 
applied  to  produce  a severe  and  eonti- 
nusd  pressure,  on  a principle  similar  to 
that  of  Bramah's  hydrostatic  press,  al- 
ready described.  Let  B (Jig.  28.)  be  a 


large  rylinder,  in  which  a solid  piston 
or  plunger  moves  air-tight.  Let  D E be 
a small  tube,  having  a stop-cock  at  G, 
and  terminated  in  a screw  at  E.  Let 
C be  a strong  metal  ball,  capable  of 
bearing  an  intense  bursting  pressiu-e, 
having  a small  tube,  terminated  by  a 
screw  at  E,  by  which  it  may  be  con- 
nected occasionally  with  the  tube 
DE,  or  with  a condenser,  (Pnkuma- 
Tics,  Art.  38,)  and  also  furnished  with  a 
stopcock  at  F. 

By  means  of  a condenser  screwed 
upon  E,  the  stopcock  F being  opened, 
let  air  be  forced  into  the  ball  C,  until  it 
presses  against  the  cock  F,  when  closed, 
with  a force  of  more  than  one  ton.  The 
condenser  being  then  removed  from  E, 
the  air  cannot  escape,  the  cock  F Iteiiig 
closed.  Let  the  ball  and  tube  C F E 
be  then  screwed  upon  the  tube  D E, 
and  the  cocks  F and  G both  opened. 
The  condensed  air  will  expand  through 
the  tube  D,  and  fill  the  part  of  tiie 
cylinder  below  the  piston.  If,  after 
this  expansion,  the  clastic  force  of  tiie 
compressed  air  is  such  that  it  would 
press  on  the  stopcocks  with  a force 
exceeding  that  of  the  atmosphere  by 
one  ton,  Uere  will  be  an  effective  pres- 
sure against  the  piston  A,  of  as  many 
tons  as  the  number  of  times  that  tlie 
section  of  the  tube  D is  contained  in 
that  of  the  piston.  Suppose  the  sec- 
tion of  the  tube  to  be  a quarter  of 
an  inch  in  diameter,  and  the  piston  to 
be  one  foot,  the  pressure  on  the  piston 
will  then  be  equal  to  2304  tons. 

In  this  case,  like  all  the  former,  air 
is  only  used  m a convenient  means  of 
accumulating  mechanical  force;  and 
ought  not,  properly  speaking,  to  ^ 
looked  upon  u the  prime  mover.  As  in 
using  the  weight  or  pressure  of  the  at- 
mosphere, we  consider  that  cause,  what- 
ever it  be,  that  produces  the  vacuum,  or 
the  rarefaction,  to  be  properly  the  prime 
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mover,  so  also  in  using  the  elastic  force 
of  the  air  as  a mechanical  agent,  we 
consider  the  means  wlicreby  the  neces- 
sary degree  of  elasticity  is  imparted  to 
it,  whatever  those  means  may  be,  as  the 
real  prime  mover.  We  shall  see  here- 
after that,  for  this  reason,  heat  assumes 
an  important  rank  in  the  class  of  first 
movers. 

CRAFiaa  VII. — 0/  Animal  Strength. 

(S7.)  OtvB  of  the  most  obvious,  and 
therefore  one  of  the  earliest,  although, 
perhaps,  the  least  efficient  of  the  prime 
movers,  is  animal  ttrength. 

Prom  ovu-  ignorance  of  the  nature 
and  principle  of  animal  life,  it  is  evi- 
dent that  wc  cannot  attempt  to  explain, 
on  scientific  principles,  the  laws  which 
reg'datc  animal  strength ; and,  on  the 
other  hand,  owing  to  the  very  fluctuating 
nature  of  this  force,  the  various  physi- 
cal causes  which  produce  differences  in 
its  manifestations  in  different  indivi- 
duals, and  even  in  the  same  individual, 
at  distances  of  time  by  no  means  great, 
considerable  difficulties  obstruct  the 
investigation  and  development  of  these 
laws  by  the  process  of  actual  observa- 
tion and  experiment  The  whole  ana- 
logy of  nature,  the  beauty,  order,  and 
singular  harmony  of  all  her  works, 
however,  convince  us  that  this  force,  like 
eveiy  other,  is  regulated  by  fixed  laws. 

To  simplify  our  investigations,  we 
shall  consider  every  exertion  of  animal 
strength  to  be  represented  by  that  which 
is  necessary  to  carry  a load  or  weight 
It  is  not  difficult  to  imagine  that,  in 
whatever  way  strength  be  used,  we  can 
find  a certain  load  carried  with  a cer- 
tain sp^,  which  may  be  considered  as 
an  eqnivalcnt  exertion. 

In  estimabng  the  exertion  of  animal 
strength  in  tins  way,  one  law  is  very 
obvious,  which  is,  that  as  the  load  is 
mcreas^  (all  other  things  being  the 
same),  the  velocity  of  the  animal  must 
necessarily  be  dimmished.  But  then,  it 
becomes  a more  difficult  matter  to  de- 
termine in  what  proportion  the  velocity 
should  be  diminished  with  a given  in- 
crease of  load,  in  order  tliat  tne  expen- 
diture of  animal  labour  should  be  the 
same.  Different  formal®  have  been 
Bigoteclad,  each  agreeing  more  or  less 
with  experience,  and  we  shall  here  at- 
tempt to  explain  in  a popular  way  that 
formula  whldk  seems  to  represent  the 
results  of  exporiments  most  accurately. 

There  are  two  extreme  eases  of  ani- 


mal exertion.  There  is  a certain  speed 
at  which  the  animal  can  carry  no  load, 
and  can  barely  move  its  own  body  ; let 
this  speed  be  called  X.  Tliere  is  some 
load  so  great  that  the  animal  can  barely 
sustain  it,  witliout  bring  able  to  move 
it ; call  this  load  L.  What  is  technically 
colled  the  useful  effect  depends  on  two 
things — the  load  which  is  borne,  and  the 
speed  or  velocity  with  which  it  is  car- 
rn;d.  The  useful  efiect  is,  in  fact,  esti- 
mated by  multiplying  the  load  by  tho 
speed.  This  will  be  easily  understood 
ty  an  example.  Suppose  one  horse 
carry  two  hundred  weight  six  miles  an 
hour,  and  another  carry  three  hundred 
weight  four  miles  an  hour.  The  load 
of  tlie  former  is  two,  and  the  speed  six ; 
the  product  or  nseM  eftbet  being  tw  elve. 
The  load  of  the  latter  is  three,  and  the 
speed  four;  the  useful  effect  being 
twelve.  The  propriety  of  considering 
the  useful  effect  to  be  equal  in  these 
two  cases,  will  appear  very  evidently, 
if  we  consider  both  horses  to  be  em- 
ployed in  transporting  weights  between 
two  places,  distant  one  mile  asunder, 
for  six  hours.  The  first  horse  will 
cairy  in  the  six  hours  72  hundred 
weight  between  the  two  places,  for  he 
will  moke  thirty-six  turns,  travelling 
for  six  hour*  at  six  miles  an  hour,  and 
at  each  turn  he  will  carry  two  hundred 
weight  The  other  horse  will  moke  but 
twenty-four  turns,  since  he  travels  only 
four  miles  an  hour ; but  then,  in  eacn 
turn,  he  will  cany  three  hundred  weight ; 
and,  therefore,  ne  will  also  transport 
in  the  given  time  72  hundred  weight 
between  the  two  places.  Thus  the 
useful  effects  of  these  horses  are  equal, 
and  hence  the  propriety  of  estimating 
the  usefiil  effect  by  the  {moduot  of  the 
numbers  which  express  the  load  and 
the  speed  with  which  that  load  is  carried. 

Recurring  now  to  the  load  L,  and  the 
speed  X,  it  is  apparent  that,  with  the 
load  L,  the  usefiil  effect  is  nothing,  lie- 
causc  there  is  no  speed ; and  again, 
with  the  speed  X,  the  useful  effect  is 
notliing,  broausc  there  is  no  load.  But 
with  a load  less  than  L there  will  be 
a speed  less  than  X ; and  therefore, 
there  will  be  an  uscfid  effect.  These, 
then,  are  two  limiting  cases,  in  wbkh 
the  useful  effect  vanishes,  approachmg 
which  it  diminishes,  and  at  some  point 
between  which  it  is  a maximum.  To 
determine  where  this  maximum  lies,  it 
is  necessary  that  we  should  know  in 
what  proportion  the  velocity  diminishes 
as  the  lou  increases. 
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Let  I be  any  load  less  than  L,  and  let 
X be  the  i^eatest  speed  with  which  this 
load  can  be  carriea.  The  useful  effect 
will  \vi  I X x\  that  is,  the  load  nnilti- 
plied  by  the  speed.  The  rule  which 
seems  best  to  with  experience  is 

that  the  load  I increases  in  the  same 
ratio  as  the  square  of  the  difference 
between  the  lyreatest  velocity  X,  uith 
which  the  animal  can  move  unloaded, 
and  tlie  palest  velocity  a*  with  which 
it  can  move  the  load ; that  is,  I increases 
as  (X  — O’)".  Assumim;  this  rule, 
therefore,  it  follows,  that  the  useful 
etfect  is  represented  by  the  product 
(X  — ar)‘*Xir.  This  wul  probably  be 
more  easily  understood  by  reducing  it 
to  an  arithmetical  table.  Let  us  sup- 
pose that  the  number  Id  represents  llie 
greatest  unloaded  speed,  and  that  the 
Speed  - ..0  1 2 3 4 5 

Load  - - - - 225  I9C  1C3  1 14  121  100 
Useful  effect  0 106  338  432  481500 


square  of  15,  or  225,  represents' the 
greatest  load  which  can  l>e  sustained 
without  moving.  The  signification  of 
the  units  which  compose  the  num- 
ber 15,  will  be  found,  by  dividing  the 
space  through  which  the  animal  would 
move  in  a given  time,  suppose  one 
hour,  into  15  equal  parts  : each  of  these 
parts  will  be  expressed  by  an  unit  of 
the  number  15,  which  expresses  the 
giralest  unloaded  speed  ; and  tlic  signi- 
fication of  the  units  of  225  will  be  found, 
by  dividing  the  greatest  load  which  can 
he  sustaine<l  without  moving,  into  225 
equal  jiarts  : one  of  these  parts  will  be 
expressed  by  an  unit  of  the  numl)er 
225,  which  expresses  tlie  greatest  load. 
The  following  Table  gives  for  each 
degree  of  speed  from  I to  15,  the  cor- 
responding load  and  useful  effect. 

G 7 8 g 10  11  12  13  14  15 

Cl  C4  49  3G  25  IG  9 4 10 

186  448  302  324  250  170  108  52  14  0 


From  the  inspection  of  this  Table  it 
appears  that  a much  neater  useful 
effect  is  to  be  attained  by  the  slower 
motions  with  heavier  loads  than  by  the 
quicker  motions  with  lighter  loads.  The 
greatest  useful  effect  is  produced  by  the 
speed  5 witli  the  loud  100 ; that  is,  with 
a velocity  which  is  one-third  of  the 
greatest  unloaded  speed,  and  a load 
which  is  four-ninths  of  the  greatest 
load  wliich  can  be  sustained  without 
moving.  We  shall  find  this  result, 
whatever  be  the  number  we  take,  to 
represent  the  greatest  speed.  • 


• The  mjvthcmatiral  invcslijfation  is  not  difficult 
Let  u he  the  uu/ul  'i'hcn  hj  the  einpiriral 

formula  alreadv  rxplained  we  have  u s(X—ir)*a; 
Dilferentating  tbis  we  ubtain 

p =(X-,)*-S(X-.>. 
dJ‘ 

HuppoiinK  thii  = 0 vre  shall  obtalfi  the  value  of;r, 
which  correapond*  to  a maximum  or  miaiaiuiD  value 
of  a.  Thia  rive«  the  etination, 

(X~x)  CX-3x)  =0 
the  roota  of  which  are 

X = X » =— X. 

For  x=X  the  load  and  uaeful  efTecI  are  each  =0. 
Thia  root,  therefore,  corre^ponda  to  a minimum ; and 

for  X =— X ; =fX  - — X)a  =— X*;  Ihal 
I a 9 

Ike  loa^l  c-orrespondiiig  to  one-third  of  the  f^reateet 

•peedia— of  the  greatest  load : forLsX*.  That 

9 

this  19  a maxinena  is  easiljr  showQ  bjr  taking  the 
second  differential,  which  pves 

=-3(X-x)-(X-3x) 

= -.4X46# 

in  which.  If  we  substitute—  X for  jp,  wc  find 
-4X  + s5=-3X, 

wtiicli.  b«lDf  Dfg.tivc,  shows  that  th.  T»lui  —X 
corrrspoQil.  to  1 m.xtmoa  Tila.  of  o. 


Thus,  if  the  greatest  unloaded  speed 
of  a iiorsc  be  15  miles  an  hour,  and 
that  the  greatest  weight  which  he  is 
capable  of  sustaining  without  moving 
be  divided  into  225  equal  parts,  his 
labour  will  lie  most  advantageously 
employed  if  he  be  loaded  with  lot)  of 
these  parts,  and  travels  at  the  rate  of 
5 mile<  per  hour.  If  he  be  thus  em- 
ployed, It  will  be  found  that  he  will 
carry  a greater  weight  through  a given 
distance  in  a given  time  than  under  any 
other  circumstances. 

The  average  value  of  human  strength, 
considered  as  a mechanical  agent,  has 
been  variously  estimated.  Desiiguliers 
considers  that  a man  can  raise  the  weight 
of  550  lbs.  1 0 feet  high  in  a minute,  and 
continue  to  do  so  for  6 hours.  Sineaton 
considers  that  this  is  too  high  an  ave- 
rage, and  thinks  that  six  good  English 
labourers  will  be  required  to  raise 
21,141  solid  feet  of  sea-water  to  the 
heiglit  of  four  feet  in  four  hours.  In 
this  ca.se  they  will  raise  very  little  more 
than  six  cubic  feet  of  fresh  water  each, 

1 0 feet  higli  in  a minute.  The  labour- 
ers whom  Smeaton  supposes  capable  of 
executing  this  work  he  considers  to  be 
equal  to  twice  the  number  of  ortliiiary 
men.  It  would,  therefore,  perhaps,  lx; 
a fair  average  value  of  a man's  work 
to  estimate  it,  for  a continuance,  at  half 
an  hogshead  of  water  raised  through 
3 0 feet  in  a minute. 

The  efforts  of  men  differ  with  the 
manner  in  which  these  efforts  are  em- 
ployed. It  has  been  shown  by  Mr.  R, 
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Buchanan  that  the  same  quantity  of 
human  lalwur  employed  in  working  a 
pump,  turning  a winch,  ringing  a l)ell, 
and  rowing  a boat,  arc  as  the  numbers 
100,  167,  227,  and  243. 

The  most  advantageous  manner  of 
applying  human  strength  is  in  the  act 
of  rowing. 

The  most  useful  of  quadrupeds,  as  a 
mechanical  agent,  is  the  horse.  The 
relative  values  of  the  labour  of  a horse 
and  man  are  variously  stated.  Some 
estimate  them  as  five  to  one,  some  six 
to  one,  and  some  seven  to  one.  Per- 
haps the  medium  may  be  nearest  to 
the  true  average,  and  that  we  may  ge- 
nerally consider  six  men  equivalent  to 
one  horse. 

Tl>e  most  advantageous  method  of 
using  the  strength  of  the  horse  is  in  the 
act  of  drawing.  The  worst  method  in 
which  this  animal  can  be  employed  is 
in  carrying  a weight  up  a stwp  hill ; 
while,  on  the  otlier  hand,  the  peculiardis- 
position  of  the  limbs  of  a man,  renders 
him  well-fitted  for  this  species  of  la- 
bour, It  has  been  observed  that  three 
men  climbing  a hill,  loaded  with  1 OOlbs. 
each,  will  ascend  with  greater  speed 
than  one  horse  canying  3U0lbs, 


CuAvnn  VIII, — On  the  Mechanical 
Agents  depending  on  Heat. 

(59.)  In  order  to  explainthc  several  ways 
in  which  heat  is  rendered  subservient  to 
the  production  of  mechanical  agency,  it 
will  be  necessary,  in  the  first  instance, 
to  offer  a few  observations  on  its  pro- 
perties, and  particularly  those  properties 
which  have  relation  to  that  quality  of 
matter  called  cohesion.  The  necessity 
of  entering  into  very  minute  details  on 
this  subject,  however,  is  superseded  by 
our  treatise  on  heat,  to  which  we  refer 
the  reader  who  desires  to  proceed  with 
the  subject  beyond  the  general  view  of 
it  which  we  shall  give. 

There  is  supposed  to  exist  between 
the  particles  of  matter,  whatever  be 
their  form  or  situation,  a certain  mu- 
tual attraction,  by  which,  if  it  be  un- 
resisted by  any  opposing  force,  they 
have  a tendency  to  approach  each  other, 
to  collect  together,  and  to  form  them- 
selves into  solid  concrete  masses.  Heat, 
or  caloric,  is  supposed  to  be  a subtle 
and  highly  elastic  fluid,  which  trans- 
fuses ilself  through  the  dimensions  of 
bodies  in  a greater  or  less  degree,  and 
by  its  intense  elasticity  has  a tendency 


to  force  the  particles  asunder.  tVhat- 
everlic  tlie  nature  of  heat,  however,  and 
whether  it  be  material  or  not,  it  is  an 
undisputed  fact,  that  it  is  a ccuise,  which 
produces  an  effect  exactly  opposite  to 
the  effects  of  cohesion,  and  that,  in  pro- 
portion as  it  pervades  any  body,  it  gives 
the  particles  of  that  body  a tendency  to 
repel  each  other  and  fly  asunder,  which 
tendency,  in  some  cases,  prevails  over 
the  cohesive  force  and  actually  produces 
that  effect. 

When  we  find  a body  in  the  solid 
slate,  we  therefore  conclude,  that  tho 
cohesive  force  by  which  its  particles  at- 
tract each  other  greatly  predominates 
over  the  repulsive  energy  of  the  caloric 
whioh  may  jiervadc  its-  dimensioiia,  and 
that,  consequently,  the  particles  cohere 
with  a force  equal  to  the  difference 
behveen  these  cohesive  and  repulsive 
forces.  If,  then,  by  the  external  appli- 
cation of  fire,  we  transfuse  through 
the  dimensions  of  the  body  an  increased 
quantity  of  heat,  wc  naturally  expect 
that,  the  repulsive  effect  of  the  calorie 
being  increased,  the  particles  which 
compose  the  body  will  be  more  sepa- 
rate, and  will  retire  from  each  other 
to  increased  distances,  so  as  to  eidarge 
the  dimensions  of  the  body. 

Ibis  effect  we  find  actually  to  obtain  ; 
for  if  a cylindrical  bar  of  metal,  C D, 
be  gauged  by  means  of  a flat  piece 
of  metal  b,  (Jig.  27.)  furnished  with  a 


circular  hole,  in  which  the  bar  exactly 
passes,  and  having  a notch  in  its  side, 
corresponding  to  the  length  of  the  bar, 
it  will  lie  found  that,  after  the  bar  is 
heated,  its  length  and  thickness  will 
be  so  much  increased  that  it  will  no 
longer  fit  in  the  notch,  nor  pass  through 
the  circular  aperture. 

In  general,  when  heat  is  communi- 
cated to  solids,  their  bulk  is  increased 
from  the  cause  which  we  have  assigned ; 
but  this  effect  is  more  perceivable  in 
metals  than  other  solids, 

Tliis  effect  of  heat,  however,  is  not 
confined  to  solids,  but  is  observable  in 
liquids,  and  still  more  in  aerdbrm  sub- 
stance.s.  The  thermometer  i.s^  an  in- 
strument in  wliich  the  expansion  of  a 
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fluid  by  heat  is  used  U an  Indication, 
or  measure,  of  the  degree  of  heat  to 
which  the  instrument  is  exposed  (see 
Hbat,  Chap.  IV.),  and  the  fluid  which 
is  used  in  thermometers  may  be  either 
liquid  or  aeriform,  although  most  fie- 
quently  the  former. 

(59.)  Bodies  whether  solid,  liquid,  or 
aeriform,  exert  a certain  degree  of  me- 
chanical force,  in  the  process  of  enlarg- 
ing their  dimensions,  on  receiving  an  ac- 
cession of  heat ; and  any  obstacle  which 
opposes  this  enlargement  sustains  an 
equivalent  pressure.  This  force  is  fre- 
quently used  as  a mechanical  agent,  and 
has  tills  to  recommend  it,  that  it  may 
proiluced  to  almost  any  degree  of 
intensity,  without  the  expenditure  of 
any  other  mcchanic.'d  force  in  its  pro- 
duction. In  this  respect  it  has  the 
advantage  over  the  mechanical  agency 
of  air,  arising  fi-om  its  pressure  and  con- 
densation, ( S3,  54.) 

A remarkable  instance  of  the  use  of 
tlic  power  witli  which  solids  expand  by 
heat,  occurred  in  Paris  some  years  since, 
in  a method  which  was  usra  to  force 
together  the  walls  of  a gallery  in  the 
Abbey  of  St.  Martin,  now  the  Conser- 
vatoire  (let  Arts  et  Mitiert.  The  weight 
of  the  roof  was  forcing  the  walls  of  liiis 
budding  asunder,  and  they  were  re- 
stored to  their  perpendicular  position 
by  the  following  method : — Holes  were 
made  at  opposite  points,  in  several  puts 
of  the  wafls,  through  which  strong  iron 
bars  were  introduced,  so  as  to  extend 
across  the  building,  and  so  that  their 
extremities  shoidd  extend  beyond  the 
walls.  Large  nuts  were  placed  upon 
their  ends,  and  screwed  up  so  as  to 
press  upon  the  walls.  Every  alternate 
bar  was  then  heated  by  powerful  lamps, 
so  tliat  its  length  increased  by  expan- 
sion, and  the  nuts,  before  in  close  con- 
tact with  the  walls,  retired  to  some  dis- 
tance fi-om  them.  The  nuts  were  that 
screwed  up  to  tlic  walls,  and  the  bars 
cooled.  The  process  of  cooliiu(  re- 
stored the  length  of  the  bars  to  what  it 
had  been  before  the  heat  had  been  ap- 
plied, and  the  nuts  were  drawn  together 
by  an  irresistible  force,  and  consequently 
the  walls  drawn  towards  each  other.  The 
same  jirocess  being  repeated  with  the 
intermediate  bars,  and  this  being  con- 
tinued, the  walls  of  the  building  were 
gradually  restored  to  their  perpendicular 
position. 

In  llie  processes  of  shoeing  wheels, 
and  hooping  barrels,  the  same  force  is 
used  mechanically.  The  iron  hoop,  or 


rim,  is  put  on  hot,  snd  made  to  fit  the 
wheel  or  the  barrel  exactly,  and  being 
then  cooled,  it  contracts  and  binds  the 
parts  of  the  wheel  or  the  barrel  together 
with  immense  force. 

It  is  evident,  however,  that  these 
forces  of  expansion  and  contraction  of 
bodies  by  heat  and  cold,  act  through 
spaces  so  limited  that  tliey  can  be 
used  as  mechanical  agents  but  very 
rarely,  and  under  peculiar  circum- 
stances. 

(6U.)  Heat  is  productive  of  mechanical 
agents  of  much  greater  power,  by  the 
influence  which  it  has  upon  the  form  of 
bodies,  tlian  by  its  power  of  enlarging 
their  dimensions.  We  have  stated  that, 
in  a solid  body,  the  cohesive  force  of 
the  particles  predominates  over  the  re- 
pulsive influence  of  the  caloric  which 
pervades  its  dimensions.  Supposing 
the  cohesive  force  to  continue  unin- 
creased, what  will  be  tlie  etfcct  if  we 
transfuse  tlu-ough  its  dimensions,  by  the 
appheation  of  ti^such  an  abundant  por- 
tion of  caloric  that  the  lepulsive  force 
of  it  will  become  equal,  or  nearly  equal, 
to  the  cohesive  force  of  the  particles  ? 
We  should  evidently  anticipate  that  the 
particles,  having  no  tendency,  or  very, 
little,  to  cohere,  they  would  move  freely 
among  each  other,  and  fall  asunder  by 
their  own  weight,  unless  they  were  mo- 
vented  by  the  sides  of  the  vessel  which 
might  contain  them  ; in  fret,  we  should 
predict  that,  by  the  application  of  such 
a quantity  of  heat,  as  we  have  supposed, 
the  tolid  would  become  a liquid.  And 
such  we  find  to  be  the  case;  solids 
liquefy  by  exposure  fur  a sufficient 
time  to  the  action  of  fire. 

It  would  appear,  therefore,  that  the 
solid  and  hquid  forms  in  which  we  find 
bodies,  are  maintained  by  the  propor- 
tion wliich  subsists  between  tlie  force  of 
cohesion  peculiar  to  the  particles,  and 
the  repulsive  force  of  the  caloric  which 
pervades  them,  the  former  gi-eatly  pre- 
dominating in  solids,  and  these  forces 
being  nearly  in  equilibrium  in  liquids. 

Vie  accordingly  find,  by  ex]K-riencc, 
that  if  a sufficient  portion  of  heal  be 
withdrawn  from  a liquid  it  becomes 
solid,  the  cohesive  force  of  its  particles 
receiving  a sufficient  predominance  over 
the  repulsive  force  of  tlie  caloric,  by  di- 
minishing the  quantity  of  the  latter. 

(61.)  This,  however,  is  not  the  only, 
nor  the  most  important,  change  of  form 
in  bodies,  which  depends  on  the  propor- 
tion wliich  subsists  between  Uiese  two 
foroes. 
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In  a liquid,  u \re  have  already  ex-  are  bound  tof^er  and  retained  in  a 

{dained,  the  repulsive  ener^  of  the  ca-  state  of  liquidity.  In  proof  of  this,  we 
oric  nearly  balances  the  cohesive  force  have  only  to  remove  the  atmospheric 
of  the  particles.  Now,  if  we  increase  pressure,  and  many  bodies  which  are 
the  quantity  of  caloric  considerably,  its  now  held  in  the  hquid  state,  by  the 
repulsive  effect  will  predominate  over  mechanical  action  of  that  pressure,  w^ 
the  cohesive  attraction  of  the  particles ; evaporate. 

and  instead  of  being  nearly  in  a state  of  Let  water  at  1 80°  of  temperature,  or 
indifference  as  to  mutual  attraction,  we  alcohol,  or  ether,  be  placed  under  the 
may  expect  to  find  that  they  strongly  receiver  of  an  air-pump,  and  they  will 
rracl  each  other,  and  that  the  liquid  boil  and  evapo^e  on  removing  or 
will  assume  a form  in  which  it  will  be  rather  diminishing,  by  rarefaction,  the 
necessary  that  it  should  be  closely  con-  pressure  of  the  air  on  their  surfaces, 
fined  in  order  to  prevent  its  total  dissi-  Indeed,  ether  will  evaporate  if  exposed 
pation  by  the  disj^ion  of  the  particles  to  the  atmosphere  without  any  diminu- 
owing  to  this  repulsive  effect.  tion  of  pressure. 

Accordingly  we  find  that  if  a liquid  On  the  other  hand,  it  would  follow 
be  exposed  for  a considerable  time  to  flrom  this  theory,  that  if  the  pressure  be 
the  action  of  fire,  it  will  be  gradually  increased,  the  evaporation  will  be  re- 
converted into  steam ; a flmd  totally  sisted  by  it ; and  such,  in  fact,  we  find 
differing  in  its  mechanical  character  to  be  the  case.  Water  under  tlia  at- 
flrom  a liquid.  If  the  liquid  be  inclosed  mospheriopressure,  when  the  barometer 
in  any  vessel,  it  will  press  with  no  other  is  at  30  inches,  will  boil  and  vaporize 
force  upon  the  surface  which  confines  at  312°  of  Fahrenheit's  thermometer; 
it,  than  with  those  pressures  which  are  but  if  the  same  water  be  submitted  to 
produced  by  its  weight ; but  when  the  increased  pressure,  it  will  not  boil  or 
same  liquid  is  converted  into  vapour  evaporate  until  it  has  reached  much 
and  confined  in  a close  vessel,  it  will  higher  temperatures, 
press  on  the  confining  surface  with  its  If  a sufficient  quantity  of  heat  be 
clastic  force,  which  is  quite  independent  withdrawn  from  the  vapoiu  which  has 
of  its  gravity,  and  arises  from  the  effort  been  raised  from  a liquid,  it  will  be  re- 
which  its  particles  exert  to  repel  each  stored  agiun  to  its  liquid  form ; and  it 
other ; and  which,  therefore,  exert  a is  a very  important  fact,  that,  in  this 
bursting  pressure  on  the  inner  surface  cose,  its  bulk  is  reduced  in  a very  high 
of  the  vessel  which  contains  it.  ratio.  A cubic  inch  of  water,  when 

The  degree  of  elasticity  or  the  pres-  converted  into  steam  at  the  usual 
sure  which  confined  steam  exerts  upon  atmospheric  pressure,  will  form  a cubic 
the  surface  of  the  vessel  which  contains  foot  of  steam  ; and  it  follows,  therefore, 
it,  will,  according  to  our  theory,  end  that  if  the  caloric  be  withdrawn  from  a 
which  is  confirmed  by  experience,  in-  cubic  foot  of  such  steam,  by  application 
crease  with  the  heat  which  is  communi-  of  cold  bodies,  or  otherwise,  it  will  be 
cated  to  tlie  steam ; and,  on  the  other  reconverted  into  a cubic  inch  of  water, 
hand,  according  as  the  temperature  of  Now  this  property  is  rendered  subser- 
the  steam  is  lowered,  the  elastic  pres-  vient  to  the  production  of  a very  im- 
sure  will  be  proportionally  diminished,  portant  mechanical  agent.  If  a cubic 
The  evaporation  of  liquids,  however,  foot  of  steam  be  inclosed  in  a vessel, 
is  effected  by  a force,  whose  effects  are  and  that  the  vessel  be  cooled  until  the 
not  sensible  in  the  liquefaction  of  solids,  steam  be  condented  or  reconverted  into 
The  atmospheric  pressure  has  an  effect  water,  we  shall  have  1727  cubic  inches 
in  binding  together  the  particles  of  a of  empty  space  or  vacuum ; for  the 
liquid;  and,  therefore,  conspires  with  steam,  which,  before  condensation,  filled 
the  cohesive  force  in  opposing  the  a cubic  foot,  or  1 728  cubic  inches,  will, 
effects  of  the  caloric.  When  the  caloric  after  condensation,  be  reduced  to  one 
has  been  communicated  to  a body  in  cubic  inch,  leaving  1727  cubic  inebea 
such  a quantity  as  to  form  a balance  void  of  any  material  substance, 
for  the  cohesive  force ; the  body,  ac-  The  condensation  of  vapour,  or  its 
cording  to  our  theory,  ought  to  be  in  reconversion  into  the  liquid  stidc,  is 
a slate  in  which  the  slightest  increase  of  thus  rendered  an  easy  and  effectuM 
caloric  would  invert  it  into  an  clastic  method  of  producing  a vacuum,  and  is 
vapour.  Under  these  circumstances,  fiaie  from  the  objections  to  the  mechani- 
however,  the  atmospheric  pressure  op-  eal  method  of  producing  the  same 
posas  tlie  change,  and  is  the  means,  and  effect  alluded  to  in  Chap.  VI.,  inasmuch 
the  only  means,  by  which  the  particles  as  • vacuum  may  thul  b«  obtained 
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without  fhe  expenditure  of  any  me- 
chanical force. 

Thi.i  was  tlie  piineiple  from  which 
the  earlier  stcam-cnijines  derived  their 
efficacy.  In  the  engine  constructed  by 
Savery,  about  the  year  1700,  tlie  at- 
mospheric pressure  was  used  for  eleva- 
ting water  into  a tube,  in  which  a va- 
cuum was  produced  by  first  blowing 
the  air  out  by  means  of  hot  steam  ; and 
when  the  tube  was  filled  with  pure  steam, 
and  the  air  had  l)cen  completely  expelled 
through  a valve  which  opened  outwards, 
the  steam  was  condensed  by  cooling  the 
external  surface  of  the  vessel  which 
contained  it.  A vacuum  was  thus  pro. 
duced,  into  which  the  air  was  prevented 
fi'ora  entering,  by  the  circumstance  of 
the  valve  opening  outwards ; and,  con- 
sequently, the  pressure  of  the  atmos- 
phere on  the  surface  of  the  water  in 
the  well  or  reservoir,  forced  it  up  into 
the  vessel  or  tube. 

Shortly  after  this,  Newcomen  used 
the  same  means  of  producing  a vacuum 
in  his  atmospheric  steam-engine,  but 
availed  himself  of  the  atmospheric 
pressure  in  another  way.  He  provided 
a cvlcnder  and  a piston  moving  stcam- 
tigfit  in  it  He  connecte<l  the  piston 
rod  with  tlie  end  of  a great  beam  turn- 
ing on  a centre,  the  other  end  of  which 
was  connected  with  putm-rods,  which 
he  proposed  to  work.  The  weight  of 
the  pump-rods  was  sufficient  to  draw 
the  piston  to  the  top  of  the  cylinder. 
He  then  filled  the  cylinder  with  steam, 
by  which  tlie  air  was  blown  out 
U])on  cooling  the  cylinder,  the  steam 
vras  condensed,  and  a vacuum  was 
produced  beneath  the  piston  ; and,  con- 
sequently, the  atmospheric  pressure 
taking  etfect  above  it,  forced  it  down 
and  drew  up  the  pump-rod  at  the  op- 
posite end  of  the  beam,  and  so  the  pro- 
cess was  continued. 

In  this  case,  tlie  direct  or  elastic  force 
of  steam  was  not  employed,  the  atmos- 
pheric pressure  being  the  effective 
agent,  but  receiving  its  efficiency 
from  the  vacuum  produced  by  the 
condensation  of  the  steam.  At  a 
much  earlier  period,  however,  the 
mechanical  agency  of  steam,  arising 
from  its  elasticity,  was  suggested  as  a 
power,  whose  extent  was  almost  un- 
limited. In  1603,  the  tlien  Makqoess 
OF  WoBCKSTKR  asscrts  that  he  con- 
structed a machine  which  raised  a great 
quantity  of  water  to  a considerable 
height,  and  which  was  more  jiowerful 
than  the  atmo.sphcric  pressure,  inas- 
much as  this  could  only  act  thi  ough  a 


limited  space : whereas  the  clastic  force 
of  steam  “ hath  no  other  bounder  than 
the  strength  of  the  vessels  which  con- 
tain it" 

In  modem  times,  the  improved  steam- 
engines,  commonly  called  low  pressure 
engines,  employ  both  the  powers  of 
steam  which  we  have  mentioned.  A 
piston  is  moved  in  a cylinder,  and  the 
clastic  force  of  steam  acts  on  one  side 
of  it,  while  a vacuum  is  produced  by 
the  condensation  of  steam  on  the  other 
side,  and  thus  tlie  piston  is  urged 
forward. 

In  high  pressure  engines,  the  elastic 
force  of  steam  is  used  to  urge  a piston 
against  the  atmo^iheric  pressure  on 
the  opposite  side.  The  advantage  which 
this  has  over  the  low  pressure  engine 
is.  that  all  the  apparatus  for  condensing 
the  steam,  in  order  to  produce  a vacu- 
um, is  dis|M>nscd  with,  and  the  machine 
is  eon.sequently  cheaper  and  lighter. 
On  the  other  hand,  it  is  attended  with 
the  disadvantage,  that  all  the  elastic 
force  of  the  steam  which  is  expended 
in  balancing  the  atmospheric  pressure 
is  lost,  since  that  pressure  must  lie 
overcome  before  motion  is  produced  ; 
and,  consequently,  it  liecomes  necessary 
to  use  steam  of  a very' high  temperature 
and  pressure  in  these  engines,  which 
increases  the  expense  of  fuel,  and  ren- 
ders the  operation  more  dangerous. 

Having  once  obtained,  in  any  of  the 
ways  which  we  have  mentionerl,  tlie 
power  of  moving  a piston  in  a cylinder, 
it  will  be  no  ihfficult  matter  to  apply 
that  power  by  a working-beam,  or  va- 
rious other  ways,  to  any  mechanical 
purpose. 


In  this  First  Treatise,  we  have  merely 
attempted  to  give  tlie  reader  a suc- 
cinct account  of  tlie  most  important 
properties  of  motion  and  force,  and 
to  offer  a rapid  sketch  of  the  ]irincipal 
mechanical  agents,  or  first  movers. 
Our  design  being  that  the  tre.atise 
should  be  adapted  for  the  more  popu- 
lar purposes,  we  have  not  entered  into 
any  mathematical  details  on  the  subject ; 
and  in  the  same  popuLir  form,  we  pro- 
pose, in  the  Second  Treatise,  to  give 
an  account  of  the  Elements  of  Ma- 
chinery, or  the  means  whereby  the  na- 
tural powers  which  we  have  explained 
here,  may  be  rendered  available  for 
mechanical  purposes.  In  that  treatise, 
the  MECHA.MC  POWERS  wUl  hold  a 
prominent  part 
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TREATISE  II. 


ELEMENTS  OF 

Chapter  I.— 3/ar/rmp# — Power  and 
— Principe  of  virtual  veloci^ 

tiet — Simple  Machines  or  Mechanic 

Powers. 

(1.)  Nature  has  placed  at  the  disposal 
of  man  various  mechanical  agents, 
endued  with  different  kinds  and  degrees 
of  power.  The  weight  of  solid  bodies, 
and  their  momentum  when  in  motion ; 
the  weight  and  pressure  of  liquids;  the 
weight  and  pressure  of  air  and  other 
gases;  the  elastic  force  of  vaiwur raised 
from  liquids  bv  heat ; the  elasticity  of 
springs,  and  the  muscular  strength  of 
animals,  furnish  striking  examples.  In 
applying  these  forces  to  overcome  resis- 
tances, or  to  communicate  motion  to 
bixlies,  it  seldom  happens  that,  without 
some  previous  motnfication,  tliey  are 
capable  of  accomphshing  the  end  we 
desire  to  attain.  The  power  which  we 
may  happen  to  have  at  our  disposal 
may  not  net  in  the  proper  direction,  or 
may  not  have  that  velocity  or  intensity 
which  suits  our  purpose ; and  some  con- 
trivance must  iM?  found  by  which,  in 
transmitting  it  to  the  working  point,  its 
direction,  velocity,  or  intensity,  may  be 
regulated  in  such  a manner  as  to  be 
suitable  to  the  purpose  to  which  it  is  to 
be  applied.  Such  a conhivance  is  called 
a Marhine. 

(2.)  Notwithstanding  the  infinite  va- 
riety of  ways  in  which  machinery  is 
employed,  and  the  great  diversity  of 
ends  which  it  appears  to  attain,  yet  it 
will  l>e  found  tliat  every  machine, 
whether  simple  or  complex,  can  only  be 
designed  to  produce  one  or  more  ot  the 
tiiree  following  effects:  1.  To  change 
the  direction  of  the  moving  power  so  as 
to  accommodate  it  to  overcome  a mven 
resistance,  or  to  produce  in  some  Dody 
to  which  it  is  applied  a ^ven  species  of 
motion.  2.  To  render  a power  which 
has  a certain  velocitu  capable  of  pro- 
ducing a different  velocity  in  the  work 
to  lie  performed  or  the  body  to  be 
moved.  3.  To  render  a power  of  a cer- 
tain intensity  capable  of  overcoming  a 


MACHINERY, 

resistance  or  of  exerting  a force  upon 
tlie  body  to  lie  moved  of  a different  in* 
tensity  , and  frequently  of  a much  greater 
intensity. 

(3.)  In  order  to  simplify  the  develop- 
ment of  the  nature  and  properties  of 
Machinery,  we  shall  consicier  the  mov- 
ing power,  as  well  as  the  resistance  to  be 
overcome,  as  represented  by  equivalent 
weights  ; that  weight  which  is  taken  to 
represent  the  moving  force  being  techni- 
cally called  the  power,  and  that  which 
represents  the  resistance  being  called 
tlie  weight.  It  is  easy  to  conceive  that, 
whatever  species  of  force  the  moving 
power  ana  the  resistance  may  be, 
weights  equivalent  to  them  can  oe  as- 
signetl.  Thus,  if  the  moving  power  be 
the  elastic  force  of  steam  pressing  upon 
a piston,  we  familiarly  say  that  the  pres- 
sure amounts  to  so  many  pounds  per 
square  inch,  meaning  that  it  produces 
the  same  effect  in  forcin?  tlie  piston 
through  the  cylinder  as  a weight 
of  .so  many  janinds  laid  upon  the 
piston  would  produce.  Again,  if  the 
resistance  be  that  which  timber  offers  to 
the  wedge  which  splits  it,  there  is  no 
difficulty  in  conceiving  a weight  acting 
against  the  wedge  so  as  to  offer  an 
equal  resistance.  We  shall  tlierefore 
henceforward  express  the  moving  power 
and  the  resistance  to  be  overcome, 
whatever  be  their  nature,  by  the  terms 
power  and  weight. 

(4.)  In  transmitting  the  infiuence  of 
Xhepower  to  the  weig/it  through  the  in- 
tervention of  a maemne,  it  has  various 
resistances  to  encounter  which  oppose 
its  action,  and  which  impair  its  etfects. 
Such  are,  for  example,  the  roughness  of 
surfaces  which  move  in  contact,  the 
stiffness  of  cordage,  the  yielding  or 
flexibility  of  bars,  and  numerous  others. 
If  the  calculation  of  the  etfects  of  these 
forces  were  introduced  into  the  elements 
of  the  science,  and  constitutetl  a part  of 
our  first  investigations  of  the  proper- 
ties of  machines,  the  investigations 
would  become  extremely  complex,  and 
present  difficulties  which  most  students 
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would  be  deterred  from  encountering. 
To  avoid  this,  it  is  usual,  in  the  first  in- 
stance, to  omit  the  consideration  of  these 
obstructions  to  the  action  of  the  power, 
and  to  consider  a machine  as  free 
from  them.  Surfaces  are  considered 
as  perfectly  smooth,  cords  as  perfectly 
flexible,  bars  and  levers  as  perfectly  in- 
flexible, and  so  on.  Altliough  these 
suppositions  are  absolutely  false,  yet 
they  are  found  to  be,  in  the  end,  the 
shortest  road  to  truth.  For  having  de- 
termined what  would  be  the  relation 
between  the  power  and  weight  in  any 
machine,  were  there  no  friction  or  rigi- 
dity, it  will  be  ea.sy  to  correct  the  result 
when  the  effects  of  these  forces  are  sub- 
sequently ascertained,  and  the  process 
is  found  to  be,  on  the  whole,  not  only 
more  simple  and  intelligible  to  the  stu- 
dent, but  mure  expeditious  in  actual 
practice  by  taking  Uns  coinse,  than  if 
the  real  state  of  the  machine  were  taken 
under  consideration  in  the  first  instance. 

These  observations  apply  mure  or 
less  to  every  part  of  physical  science. 
The  results  which  we  obtain  are  rather 
to  be  considered  as  constant  approxima- 
tions to  trutli,  than  truth  itself.  In  oiu* 
first  essays,  false  suppositions  arc  ever 
mixed  up  with  true  ones,  and  our 
first  conclusions  arc  more  or  less 
tainted  with  the  errors  of  the  source 
from  which  tliey  flow.  Being,  however, 
aware  of  the  deviations  from  the  truth 
in  our  primitive  hypotheses,  we  are 
enabled  to  perceive  the  conxe<|uences 
which  they  produce  and  the  errors 
which  they  entml  upon  our  results,  and 
we  gradually  remove  these  errors  as 
they  are  detected,  and  our  conclusions 
thus  constantly  come  nearer  to  that 
truth  which  is  tlie  great  end  of  all  our 
researches.  Thus  me  progress  of  the 
mind  in  the  acquisition  of  the  know- 
ledge of  physical  science  resembles  that 
of  an  artist  in  the  production  of  a pic- 
ture or  statue;  the  first  rude  attempt 
bears  but  a remote  and  uncouth  resem- 
blance to  the  original,  while  every  siic- 
ce.ssive  stroke  of  the  pencil  or  the  chisel 
removes  some  deviation  from  perfect 
similitude,  and  the  work  gradually 
approximates  to  a faitliful  copy  of  na- 
ture. 

(5.)  Viewing  a machine,  then,  divested 
of  those  considerations  to  which  we  have 
alludetl,  ttie  problem  which  first  presents 
itself  is  tile  determination  of  tlie  poicer, 
which  by  its  means  would  be  capable  of 
supporting  a given  weight  Now  it 
happens,  that  notwitlistaiiding  tlie  great 


variety  of  machines  which  have  actually 
been  constructed,  and  the  infinitely 
greater  variety  which  it  is  possible  for 
human  invention  to  produce,  there  is 
one  great  principle,  simple  in  it.self  and 
easily  intelligible,  which  applies  indifle- 
rently  to  all,  and  hy  which  the  power, 
which  is  capable  of  supporting  a given 
weight,  may  be  determined.  The  power 
being  connected  with  the  weight  so  as  to 
act  upon  it  by  means  of  the  machine,  if 
any  motion  be  given  to  it,  the  weight  will 
receive  a corresponding  motion,  and  a 
certain  proportion  will  be  found  to  sub- 
sist lietween  the  velocity  with  which  the 
power  descends  in  the  vertical  direction, 
and  that  with  which  the  weight  ascends 
in  the  vertical  direction  ; which  propor- 
tion depends  entirely  on  the  nature  and 
construction  of  the  machine.  But  what- 
ever proportion  this  may  lie,  in  order 
that  the  power  may  tie  capable  of  sus- 
taining the  weight,  it  is  only  necessary 
that  it  should  have  to  the  weight  the 
same  ratio  as  the  velocity  of  the  weight 
just  mentioned  has  to  the  power;  or,  to 
express  the  same  condition  in  other 
words,  THE  POWER  MULTIPLIED  HY 
THE  SPACE  THROUGH  WHICH  IT  MOVES 
N THE  VERTICAL  IllRKCTIOH  MUST  BE 
EQUAL  TO  THE  WEIGHT  MULTIPLIED 
BY  THE  SPACE  THROUGH  WHICH  IT 
MOVES  IN  THE  VERTICAL  DIRECTION.* 

This  great  principle,  which  is  known 
under  tlie  name  of  “ the  principle  of 
virtual  velocities,"  may  be  considered  as 
golden  rul«  mechanics.  Indeed, 
we  may  say  that  it  implicitly  contains 
the  whole  science,  statics  and  dyna- 
mics ; and  equally  includes  tlie  resolu- 
tion of  all  problems  resjiectiiig  bodies 
and  systems  of  botlies  in  equilibrium 
and  in  motion : for  it  applies  immedi- 
ately and  most  evidently  to  all  questions 
respecting  equilibrium  or  slaticiU  pro- 
blems, and  by  means  of  another  princi- 
ple, known  by  the  name  of  P' Alembert's 
principle,  tlie  whole  region  of  dynamics 
IS  brought  under  its  dominion.  We 
cannot  pretend,  in  a short  popular  trea- 
tise like  the  pre.sent,  to  make  the  full 
value  of  this  principle  apparent,  nor 
even  to  offer  a general  demonstration  of 
it ; not  because  it  is  incapable  of  rigor- 
ous proof,  nor  because  its  results  are 
few  or  unim;Mirtant,  but  because  its 
general  proof  requires  the  aid  of  alge- 
braic investigations  of  too  difficult  a 


• The  principle  of  Tirtnal  Teloeitiee  is  mneh 
more  ^eoernl  than  that  which  U annoonced  abore ; 
bat  we  ibaU  not  have  to  applj  itin  iu  full  gene* 
ralitjf. 
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nature  to  be  iiilrcHluced  here ; and  its 
most  striking  results  are  spread  over 
departments  of  physical  science,  far 
beyond  the  necessary  limits  of  tliis  trea- 
tise. Nevertheless,  even  vrithin  our 
narrow  limits,  the  student  will  have  nu- 
merous instances  of  the  truth  and  power 
of  this  principle. 

(6.)  Every  machine,  however  com- 
plex it  he,  must  consist  of  some  combi- 
nation of  the  following  simple  machines, 
which  are  commonly  call^  the  mecha- 
nic poirert: — 

1.  The  Lever, 

2.  The  Wheel  and  Axle, 

3.  The  Pulley, 

4.  The  Inclined-plane, 

5.  The  Wedije, 

6.  The  Screw. 

This  c!a.ssitication  of  the  elements 
OF  MACHINERY,  although  veiy  simple 
when  considered  with  resjiect  to  the 
extent  and  power  of  the  results  which 
spring  from  it.  may  lie  still  further  sim- 
plified ; not  because  any  of  the  six  ma- 
chines wliich  we  have  uist  enumerated 
admits  of  being  resolved  into  more  sim- 
ple parts,  but  because  some  of  them  are 
identical  in  princijde,  and  different  only 
in  appearance.  We  shall  show  here- 
after that  the  wheel  and  axle  is  in  fact 
a lever,  and  that  the  weilge  and  screw 
are  only  modifications  of  the  inclined 
plane;  so  that  it  follows,  that  all  the 
varieties  of  simple  machines  may  be 
reduced  to  three ; — 

1.  The  Lever, 

2.  The  Pulley, 

3.  The  Inclined-plane. 


Chapter  II. — OftheLevei. 

(7.)  A LEVER  is  sometimes  defined 
“ an  inflexible  right  line,  void  of  gra- 
vity, and  tuniing  on  a certain  point 
as  a centre."  It  is  also  defined  **  an 
inflexible  bar  or  ro<l  resting  upon  a 
fulcrum  or  prop,  on  which  it  is  capable 
of  turning  as  on  a centre."  We  shall, 
however,  take  a more  general  view  of 
this  machine,  and  consider  it  as  any 
solid  body  having  a fixed  axle  on  whicn 
it  is  capable  of  turning,  and  round 
whkh  all  its  parts  describe  circles.  In 
considering  such  a machine  as  applica- 
ble to  mechanical  puimses,  we  usually 
conceive  its  axis  to  M placed  at  right 
angles  to  the  plane  in  which  the  power 
and  weight  or  resistance  act.  In  order, 
also,  to  simplify  tile  investigation,  we 
shall,  in  the  first  instance,  omit  the 
weight  of  the  machine  itself,  or,  what 


will  amount  to  the  same  effect,  we  wilt 
consider  the  fixed  axle  as  passing 
through  the  centre  of  gravity  of  the 
machine,  which  will  therefore  rest  indif- 
ferently in  any  position.  (Treatise  1. 
42.1 


Let  us  suppose  that  AH  D E C^.  \.J  is 
the  section  of  a solid  body,  tnovcable  on 
a fixed  axis,  and  taken  in  a plane  perpen- 
dicular to  that  fixed  axis ; and  suppose 
the  axis  passes  through  tlie  plane  of 
the  section  at  C.  The  axis  being  sup- 
posed horizontal,  the  section  A B D E 
will  be  vertical.  Tlirough  C suppose 
the  horizontal  line  H C IT  to  be  drawn, 
and  let  the  weight  W,  to  be  sustained, 
be  applied  at  F,  and  the  power  P which 
suppoits  it  be  applied  at  G.  Let  us 
consider,  then,  under  what  conditions  P 
can  support  W,  conformably  to  the 
principle  of  virtual  velocities.  If  the 
machine  be  put  in  motion  round  the 
centre  C,  so  that  P shall  descend  and 
W ascend ; the  points  G and  F,  to  whi^ 
the  power  and  weight  are  applied,  will 
commence  to  move  through  similar  cir- 
cular arcs,  having  C as  their  common 
centre,  and  C G and  C F as  tlieir  radii. 
These  arcs,  if  taken  of  small  magni- 
tudes, will  then  be  the  spaces  through 
which  the  power  and  weight  will  move 
in  Uie  vertical  direction ; and  whatever 
be  their  magnitudes,  they  will  be  pro- 
portional to  the  vertical  motions  of  these 
weights.  But  these  arcs  being  similar, 
are  proportional  to  tlicir  r^ii ; and 
hence  follows,  what  indeed  is  otherwise 
abundantly  evident,  that  the  perpendi- 
cular descent  of  P is  to  tlie  correspond- 
ing ascent  of  W,  as  the  distances  C G 
and  C F of  tlie  points,  at  which  these 
forces  are  applied,  from  the  centre  C. 
These  distances  C G and  C F may  be 
taken  to  represent  tlie  vertical  velocities 
of  the  power  and  weight ; and  if  C G 
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•nd  C F be  called  p and  ir,  the  condi- 
tion on  which  the  power  P shall  support 
the  weight  W,  will,  according  to  the 
principle  of  virtual  velocities,  be 
P:W:;tc:p, 
or  P X p = W X IT. 
rhe  meaning  of  which  is,  that  the 
power  will  sustain  the  weight  in  equili- 
brium, provided  that  the  number  of 
ounces  m the  power,  multiplied  liy  the 
number  of  inches  in  its  distance  from 
the  centre,  shall  be  equal  to  the  number 
of  ounces  in  the  weight,  multiplied  by 
the  number  of  inches  in  its  distance 
from  the  centre.  It  is  evident,  that  any 
otlier  denominations  of  weight  and 
measure  besides  ounces  and  inches 
may  be  used,  provided  the  mme  denomi- 
nation be  used  both  with  respect  to  the 
weight  and  power. 

(8.)  Suen  is  the  condition  of  equili- 
brium resulting  from  the  principle  of 
virtual  velocities,  and  whitui  it  is  very 
easy  to  submit  to  the  test  of  experiment. 
Let  a weight  W,  amounting  to  any 
number  of  ounces,  be  suspended  at 
the  point  F,  and  let  the  nunilier  of 
inches  in  C F be  exactly  measured.  Sup- 
pose that  I ‘2  ounces  are  suspended,  and 
that  C F is  8 inches.  Now  take  any 
distance  C G on  the  other  side,  and 
suppose  that  distance  32  inches,  and 
that  a weight  of  three  ounces  lie  sus- 
pended, it  will  lie  found,  that  equilibrium 
shall  be  preserved,  and  that  the  power 
shall  exactly  balance  the  weight : and, 
accordingly,  the  product  of  3 and  32  is 
exactly  equal  to  tlie  protluct  of  12  and  8. 

Again,  if  instead  of  32  inches  C G is 
24  inches,  it  will  then  be  found  to  re- 
quire a power  of  4 ounces  to  balanee 
the  same  weight.  The  product  of  4 and 
24  is  96.  as  tiefore.  In  the  same  way, 
however  we  may  change  the  distance  of 
the  power  from  the  centre,  it  will  be 
necessaiy  to  change  its  amount,  so  that 
the  product  of  the  number  of  ounces  in 
it,  by  the  iiumbci  of  inches  in  the  dis- 
tance. shall  lie  equal  to  96,  in  order 
that  it  shall  exactly  balance  the  weight. 
If  in  any  case  tlie  product  exceed  96, 
the  power  will  preponderate ; and  if  the 
oroduct  be  less  than  96,  the  weight  will 
preponderate. 

It  appears,  therefore,  that  the  same 
weight  W,  at  the  same  distance  C F 
from  the  centre,  may  be  balanced  by 
innumerable  different  powers.  In  fact, 
a power  of  any  magnitude  whatevei', 
great  or  small,  may  balance  it,  provided 
that  the  distance  of  that  power  from  the 
centre  be  so  regulated,  that  when  mul- 


tiplied by  the  power  itself,  the  product 
shall  be  equal  to  the  product  of  tlie 
weight  multiplied  by  itt  distance  from 
the  centre. 

It  is  evident,  that  the  efforts  which 
the  power  and  weight  make  to  turn 
the  machine  round  the  centre  C,  will 
be  the  same,  to  whatever  point  in  the 
lines  G m or  F m\  the  strings  sup- 
porting the  power  and  wei^t  may 
be  attached,  or  even  though  they  be 
attached  to  points  in  the  lines  G n 
and  F n'  above  the  points  G and  F. 
Thus  it  appears,  that  in  estimating  the 
distances  of  the  power  and  weight  from 
the  centre,  we  are  not  to  take  the  dis- 
tances of  the  points  of  suspension ; but 
the  perpendiculars  drawn  from  the  cen- 
tre C to  direction  n m and  «'  ni'  in  which 
the  power  and  weight  act.  Thus,  if 
flic  power  and  weight  were  suspended 
from  n and  i;i',  we  should  still  consider 
C G and  CF  to  be  their  distances  from 
the  centre. 

In  like  manner,  the  directions  of  the 
power  and  weight  may  not  happen  to  be 
parallel,  as  in  the  example  we  have 
taken  j but  still  their  distances  from  the 
centre  of  motion  are  estimated  by  iier- 
pendiculars  from  that  point  upon  their 
directions. 


Let  the  point  of  application  of  the 
weight  be  L tjig.  2.)  and  let  the  string  by 
which  the  weight  acts  pass  over  a w heel 
H ; and  in  like  manner  let  the  power  act 
by  a string  at  K passing  over  a wheel  I. 
In  this  case,  L H is  the  direction  of  the 
weight,  and  K I that  of  the  power.  Sup- 
pose the  peiqiendicular  C F and  C G 
drawn  upon  their  directions  ; the  condi- 
tion of  equilibrium  will  still  be  the  same ; 
viz.  that  the  product  of  the  power  P, 
and  the  jierpeiidicul.ar  C G shall  be 
equal  to  the  prmluct  of  the  weight  W 
and  tlie  iicr|)endicular  C F.  This  may 
easily  be  establisheil  experimentally. 
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From  all  that  we  have  stated,  it  fol- 
lows, that  the  effort  of  any  force  to 
turn  a body  round  an  axis,  is  to  be 
measured  by  midtiplyintr  the  force  by 
the  perpendicular  from  the  axis  on  its 
direction.  The  product  thus  obtained 
is  called  the  moment  of  the  force  round 
that  axis.  This  is  a principle  of  such 
extreme  importance,  that  we  shall  deve- 
lop it  somewhat  further. 

(9.)  To  establish  satisfactorily  the  pro- 
position, that  the  efficacy  of  a force  to 
turn  a machine  round  an  axis  is  mea- 
sured by  its  moment,  we  oucht  to  prove, 
that  if  trie  moment  be  doubled  or  halved, 
or  increased,  or  decreased,  in  any  pro- 
portion, the  efficacy  of  the  force  in 
turnins;  the  machine  round  the  axle 
is  doubled  or  halved,  or  increased  or 
decreased  in  exactly  the  same  propor- 
tion : this  may  be  very  easily  proved  by 
cxnmment. 

Let  the  weight  W act  perpendicularly 
to  the  line  C F.  We  shall  assume  as  a 
self-evident  truth,  that  if  the  weight  W 
be  doubled  or  halved,  or  increased  or 
decreased  in  any  proportion,  its  effort 
to  turn  the  machine  round  C will  be 
doubled  or  halved,  or  increased  or  de- 
creased in  the  same  proportion. 

Let  the  power  P at  the  distance  C G 
balance  the  weight  W at  the  distance 
C F.  Hence  the  product  P x C G must 
be  equal  to  W x C F.  Now,  suppose 
that  the  power  P,  or  its  distance  C G 
from  the  centre,  or  both,  be  so  increased, 
that  the  moment  P x C G shall  he 
doubled,  it  is  evident,  that,  in  order  to 
pn'scive  equilibrium,  it  will  be  necessmy 
that  the  moment  W x C F shall  be  also 
doubled ; and  if  the  distance  C F be 
presened,  this  can  only  be  done  by 
doubling  W.  Hence  the  double  mo- 
ment P X C G will  balance  a double 
weight  acting  at  the  same  distance  C F, 
and  therefore  must  have  a double  effect 
in  turning  the  machine  round  its  centre. 
In  the  same  manner  exactly  it  may  be 
proved,  that  in  whatever  manner  the 
moment  P x C G mav  be  varied  by  the 
change  of  the  power  or  the  distance 
C G,  or  both,  the  weight  \V  must  sufl'er 
a proportional  change,  the  distance  C F 
remaining  unaltered  ; but  the  effort  to 
turn  the  machine  round  the  centre  is 
in  this  case  proportional  to  tlie  weight 

(10.)  We  therefore  conclude  that  the 
cfl'ort  of  any  force  to  turn  a machine 
round  its  axis,  is  rightly  measured  by 
the  moment  of  that  force  round  that 
axis. 


Hence,  if  several  forces  tend  to  turn 
any  body  round  its  axis,  they  will  sus- 
tain it  m equilibrium  (f  the  sum  of  the 
moments  of  those  forces  tchich  tend  to 
turn  it  round  in  one  direction,  be  eijual 
to  the  sum  of  the  moments  of  the  forces 
which  tend  to  turn  it  round  in  the  other 
direction.  For  then,  according  to  what 
we  have  just  proved,  the  sura  of  the 
efforts  which  tend  to  turn  the  body 
round  in  one  direction,  will  be  exactly 
equal  to  the  sum  of  the  efforts-  which 
tend  to  turn  it  round  in  the  other  di- 
rection. 

This,  which  is  the  most  general  view 
which  can  be  taken  of  the  lever,  may  be 
illustrated  by  experiment  as  foltbws  >— 

Let  a circular  board  be  placed  with  its 
plane  vertical,  and  turning  upon  an 
horizontal  axle  C (Jig.  3.)  and  let  strings 


be' attached  to  pins  A,  B,  D,  E,  F ; and 
let  these  strings  be  drawn  by  weights  in 
different  directions,  passing  over  fixed 
wheels  as  represented  in  the  figure.  Let 
the  board  drawn  by  these  strings  settle 
itself  until  it  come  to  a state  of  equili- 
brium. Then  dVaw  from  the  centre  C 
perpendiculars  C n,  C b,  C d,  C e,  &c. 
on  the  directions  of  the  strings,  and 
measure  the  lengths  of  these  lines. 
Multiply  the  weights  A',  B',  D'  by  the 
peipendiculars  C a,  C A,  C d,  and  the 
prodnets  A'  x C a,  B’  x C A,  D'  X Cd, 
will  express  the  effoit  of  each  weight  to 
turn  the  board  round  in  one  direction. 
Multiply  the  weights  E’,  F,  G',  by  the 
perpendiculars  C e,  Cf,  Cg,  and  the 
products  E'  X Ce,  F x Cf,  G'  x Cg. 
will  express  the  effort  of  each  of  these 
weights  to  tuiTi  the  board  round  in  the 
other  direction.  Now.it  will  be  found 
that  the  sum  of  the  former  products  is 
equal  to  the  sum  of  the  latter ; that  is,* 


* We  )i»Te  radcAvoaretl.  far  m potaiblv,  ia 
the*^  treatiteft  on  MKCiiAiur».  lofrire  the  varioon 
conditions  in  a popular  form,  and  direited  of  fcoma 
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Ax  Ca+B'xC6  + T)'x  Crf  = 
£'x  Ce+FxC/  + Q'xC^;  that 
is,  that  the  sum  of  the  efforts  to  turn  the 
board  round  in  one  direction,  is  e(iual  to 
the  sum  of  the  efforts  to  turn  it  round 
in  the  other  direction. 

(11.)  We  have  hitherto  neglected  to 
consider  the  weight  of  the  machine  itself, 
the  axis  being  always  supposed  to  pa.ss 
through  the  centre  of  gravity.  If  this 
be  not  the  case,  wc  have  only  to  con- 
sider the  weight  of  the  machine  itself  as 
one  of  the  weights  or  forces  which  are 
applied  to  it,  and  that  this  force  is  ap- 
plied in  a vertical  direction  at  the  centre 
of  gravity.  Thus,  for  example,  in  the 
last  exp^ment,  let  us  suppose  the 
weights  A',  B',  D',  E',  G'  to  be  the  forces 
which  act  upon  the  board.  I.et  F be 
the  centre  of  gravity  of  the  bo;ud,  and 
let  F'  be  its  weight  acting  m the  vertical 
line  F F'  passing  through  F.  The  former 
investigation  will  remain  unchanged,  tlie 
only  difference  being  that  the  weight  F' 
is  now  that  of  tlie  board  conceived  to  be 
concentrated  at  its  centre  of  gravity  F. 

(12.)  It  is  scarcely  necessary  to  say, 
that  if  the  sum  of  the  moments  of  tlie 
forces  which  tend  to  turn  the  body 
round  in  one  direction,  be  greater  than 
the  sum  of  the  moments  of  the  forces 
which  tend  to  turn  it  in  the  opposite 
direction,  the  body  will  move  round  its 
centre  in  the  direction  of  the  former. 


Chapter  III. — Straight  Levers — three 
hiruls — Lever  bearing  several n'eights 
— Beam  bearing  a Height  and  resting 
on  two  Props — Pressure  on  the  Ful- 
crum of  a Lever — Load  borne  on  Poles. 


a 


Pig.  I. 


the  first  instance,  the  weight  of  the  bar 
itself,  or  suppose  the  centre  of  gravity 
to  be  placed  immediately  over  the  prop 
G,  the  efforts  of  the  power  and  weight 
to  turn  the  lever  in  opposite  directions 
are  P x 71  and  W x tv,  p and  tv  being 
C G and  B G , and  in  order  that  efjuili- 
brium  should  subsist,  these  must  be 
equal  (7.)  that  is  P x yi  = W x tv. 

A lever  of  the  second  kind  is  repre- 
sented in/g-.  5 ; and  one  of  the  third  kind 


in  fig.  6.  What  we  have  just  oh- 
served  irspecting  the  power  and  weiglit 


(13.)  A Lever  considered  as  a bar  or 
rod,  supported  on  a prop  or  fulcrum,  is 
of  three  kinds,  according  to  the  position 
of  the  power  and  weight  with  respect  to 
the  prop. 

If  the  prop  be  in  the  middle,  the 
lever  is  said  to  be  of  the  frst  kind ; if 
the  weight  be  in  the  middle,  it  is  of  the 
second  hind;  and  if  the  power  be  in  the 
middle,  it  is  a lever  of  the  third  kind. 

(14.)  A lever  of  the  first  kind  is  re- 
presented in  fg.  4.  If  we  neglect  in 


tncal  TCAioniBp  or  a1r«>bnural  notation.  The  *tt»- 
dt-nt  however,  will  find  hi*  pro<ffet4«  most  meteriHilv 
f>Ktilitale>l  bjr  the  a<N|ul*ition  ev«nt  of  a eery  emalj 
portioo  of  the  first  ♦‘lemenls  of  (Jeomelrjr  an  I Alge- 
bra. For  siiideot*  who  only  seek  thi»  iimiteilknow- 
of  three  sciences  there  are  fVThaps  no  treatiiei 
which  can  be  read  with  ir.ore  advantage  than  Dar« 
wit’*  tt/puioT  Oeumetr^  omU  giigtbrj. 


in  levers  of  the  first  kind,  also  applies 
to  those  of  the  second  and  third  kinds. 

(15.)  Tlie  condition  of  equilibrium  in 
the  straight  lever  being  that  the  product 
P X p should  lie  equal  to  W x w,  if 
follows,  that  the  power  P may  be  di- 
minished indefinitely  by  increasing  its 
distance  p from  the  prop  indefinitely, 
for  what  the  magnitude  of  the  product 
P x p loses  by  the  diminution  of  P,  it 
will  gain  by  tlie  increase  of  p. 

There  is  another  way  in  which  the 
power  which  supports  a given  weight 
ny  means  of  a lever  may  be  indefinitely 
diminished,  and  yet  its  distance  from 
the  prop  may  be  preserved.  Let  tlie 
distance  tv  of  the  weight  from  the  prop 
be  diminished  until  the  product  W x w 
becomes  euual  to  P x p. 
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Thus  the  mechanical  efficacy  of  this 
machine  increases  as  the  (tistance  oftlie 
power  from  the  prop  is  increased,  and 
as  the  distance  of  tlie  weight  from  tlie 
prop  is  diminislied. 

(16.)  It  is  evident  on  inspection,  that 
in  a lever  of  the  second  hind,  the  power 
must  necessarily  be  less  tlian  tlie  wciglit, 
since  it  must  be  farther  from  the  ful- 
crum ; and  in  a lever  of  the  third  hind  it 
must  be  greater  than  the  weight  because 
it  is  nearer  to  the  fulcrum. 

It  appears  also,  tliat  in  a lever  of  the 
first  kind  the  power  and  weight  act  in 
the  same  direction,  both  acting  down- 
wards ; while  in  those  of  the  second 
and  tliird  kinds  they  act  in  opposite 
directions. 

In  the  lever  of  the  third  kind  there  is 
a mechanical  disadvantage,  the  power 
being  greater  than  the  weight,  and 
therefore,  this  species  of  lever  is  never 
used  except  in  cases  in  which  velocity, 
and  not  power,  is  wanted ; for  it  will  be 
remembered  that  the  velocities  of  the 
power  and  weight  arc  as  their  distances 
from  the  prop  (T). 

(17.)  If  the  centre  of  gravity  of  the 
bar  itself  be  not  over  the  prop,  the 
weight  of  tlie  bar  must  Ive  taken  into 
account.  Let  this  be  G,  and  let  the 
distance  of  the  centre  of  gravity  from 
the  prop  be  g.  The  moment  of  this  is 
G X If  this  force  tend  to  turn  the 

lever  m the  same  direction  with  the 
power,  the  condition  of  equilibrium  is 
Pxp  + Gxg;=Wx  tc. 

But  if  it  conspire  with  the  force  of  the 
weight,  the  condition  is 

P X p = W X (c  + G X ,g. 

If  the  lever  lie  of  uniform  thickness, 
its  centre  of  mavity  will  be  at  its  middle 
point.  In  alever  of  the  first  kind,  the 
whole  length  is  equal  to p + tv;  and 
therefore,  if  H (fig.  4.)  be  the  centre  of 
gravity,  C H is  equal  to  }p  + ) w;  but 
H Gorgisequalto  CG— IIC=p-jp 
— i w = ijp  — j IV.  Hence,  g = j 
(p-tv.)  That  is,  the  distance  of  the 
centre  of  gravity  from  the  prop  is  equal 
to  half  the  difference  of  the  arms. 

In  levers  of  the  second  and  third 
kinds,  when  they  are  of  uniform  thick- 
ness, the  distance  of  the  centre  of  gra- 
vity from  the  prop  is  half  the  length  of 
the  arm,  the  lever  being  supposed  to 
extend  only  on  one  side  of  the  prop.  If 
it  extend  on  both  sides,  the  distance  is 
the  same  as  in  the  last  case. 

(18.)  If  the  arms  of  the  lever  be  not 
sfraight  but  curved,  as  in  Jig.  7,  the 
distances  p and'  tv  are  the  perpendicu- 


lars G B,  G C.  drawn  from  the  prop 
upon  the  directions  of  the  power  and 
weight.  Blit  still  the  condition  of  equi- 
librium remains  the  same,  P x p = W 
X w.  (7.) 

(19.)  Also,  if  the  power  and  weight 
be  not  parallel,  as  in  Jig.  8,  the  ois- 


tances  p and  tv  are  the  perpendiculari 
drawn  from  the  prop  upon  the  direc- 
tions of  the  strings  wWh  act  upon  tlib 
lever,  and  which  are  drawn  by  the  power 
and  weight, 

(20.)  if  several  weights  act  upon  dif- 
ferent sides  of  the  prop,  as  in  Jig.  9, 


J)  IV  n”  ft  c"  c’ c 


or  in  different  directions  on  the  same 
side,  the  condition  of  equilibrium  is  im- 
mediately derived  from  (10.);  viz.  the 


sum  of  the  moments  of  those  which 
tend  to  turn  the  machine  round  in  one 
direction  is  equal  to  the  snm  Of  mo- 
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meiits  of  those  which  tend  to  turn  it 
round  in  the  other. 

Thus,  if  the  several  weights  which 
tend  to  turn  the  lever  round  in  one  way 
be  P,  P',  P",  and  their  distances  from 
the  prop  lie  p,  p',  p' ; and  those  which 
tenet  to  turn  it  in  the  opposite  way  be 
W,  W',  W”,  W"',  and  their  distances 
from  tlie  prop  be  ic,  ir’,  uf,  uf" ; the 
condition  of  equilibrium  is 
P X p I-  P'  X /)"  + P"  X p"  = W X le  + 
W'  X W"  X ic’d-  W"'  X »r"'. 

If  the  centre  of  gravity  lie  not  over 
the  prop,  the  moment  G x g must  be 
addra  to  whichever  of  fliese  the  weight 
of  the  machine  conspires  with. 

(21.)  Of  levers  of  the  first  kind  there 
are  numerous  instances.  Seissars,  pin- 
cers, snuffers,  and  all  similar  instru- 
ments, consist  of  two  levers,  of  which 
the  rivet  by  which  they  arc  united  is  the 
common  fulcrum.  A crow-bar  used  to 
raise  stones  and  for  other  purposes,  is  a 
lever  of  the  first  kind.  A poker  used  for 
raising  the  coals  in  the  ^te  is  an  in- 
stance of  this,  tlie  bar  of  uie  grate  being 
the  fulcrum. 

Levers  of  the  second  kind  are  not  so 
frequent,  yet  several  instances  of  them 
occur.  The  oar  of  a boat  is  an  instance. 
In  this  case,  the  water  against  which 
the  blade  presses  is  tlie  fulcrum,  the 
boat  is  the  weight,  and  the  hand  of  the 
rower  is  the  power.  Tlie  rudder  is 
another  instance  of  the  same  kind.  A 
door  turning  on  its  hinges,  or  the  lid 
of  a desk,  are  also  examples ; the  hinges 
being  the  fulcrum ; the  door,  acting  at 
the  centre  of  gravity,  is  the  weight.  A 
chipping-knife  is  also  an  example.  This 
instrument  is  fixed  at  one  eml,  the  ful- 
cnim ; the  substance  to  be  cut  is  placed 
under  it,  and  the  power  is  applied  at 
the  other  extremity. 

Levers  of  the  third  kind,  having  a 
mechanical  disadvantage,  as  we  have 
already  proved,  are  the  least  common. 
They  are  usetl  only  in  cases  where  de- 
spatch is  more  an  object  than  the  exer- 
tion of  great  force.  The  most  striking 
instance  of  the  use  of  levers  of  this  kind 
is  in  the  structure  of  the  limbs  of 
animals,  in  which  the  bones  are  so  con- 
nected at  the  joints  as  to  form  levers  of 
this  kind.  In  thi.s  case  their  use  is 
pMiiliarly  well  adapted  to  the  conve- 
nience of  the  animal,  for  in  almost 
every  case  facility  and  despatch  is  rather 
an  object  than  the  exertion  of  intense 
force.  Tongs  are  also  an  instance  of 
this  species  of  lever;  and  shears  for 
shearing  sheep. 


In  elevating  a ladder,  it  is  first  a lever 
of  the  second  and  afterwards  of  the 
third  kind.  While  the  centre  of  gravity 
is  lietwcen  the  hands  that  raise  it  and 
the  end  on  which  it  rests,  it  is  a lever  of 
the  second  kind,  and  when  the  hands 

fiass  the  centre  of  gravity  it  becomes  a 
ever  of  the  third  kind. 

(22.)  A bar  supporting  a weight  by 
two  props  acts  on  the  principles  of  a 
lever.  Supjxise  tlie  prop  B removed 


and  replaced  by  a power  P,  as  repie- 
sentixl  in  the  figure;  that  powiT  will 
evidenllv  represent  the  pressure  of  the 
weight  W on  the  prop  B.  Now,  by 
the  principles  already  established  arc 
P X B = W X A C, 
and  tlierefore, 

P=Wx^?,; 

and  in  exactly  the  same  manner,  if  P' 
represent  the  prtfssurc  on  the  prop  A, 
we  find 


The  pressure  on  each  prop  is  therefore 
a certain  fractional  part  of  the  weii>:lit, 
viz.  that  fraction  whose  numerator  is 
the  distance  of  flic  weight  from  tlie  other 
prop,  and  whose  denominator  is  the 
distance  Ijetween  the  props. 

It  follows  from  this  mat  the  sum  of 
the  pressures  is  eijual  to  tlie  weight, 
and  that  the  weiieht  is  distributed  Imj- 
tween  the  props  in  tlie  inverfe  propor- 
tion of  its  distances  from  them. 

(23.)  It  easily  follows  from  this,  that 
the  pressure  upon  the  fulcrum  of  a lever 
of  the  second  or  third  kind  is  equal  to 
the  difference  between  the  power  and 
weifi^ht.  For  if  A be  considered  as  the 
fulcnira,  W the  weight,  and  P the 
power ; the  lever  will  Be  of  the  second 
Kind,  and  P'  will  be  the  pressure  on  the 
fulcrum ; and  by  what  we  have  ali^ady 
proved,  P'  is  the  difference  between  \V 
and  P.  If  P be  considered  as  the 
weight,  andW  as  the  power,  it  is  a lever 
of  the  third  kind,  and  the  same  observa- 
tion applies. 

If  at  C a fulcrum  be  plaoed  nresented 
downwards,  and  the  weight  w be  re- 
moved, and  in  place  of  the  props  A and 
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B,  the  freights  P'  and  P act  at  Uiose 
points,  the  pressure  on  the  fulcrum  C 
will  evidently  be  e<iual  to  the  weight  W 
which  was  removed.  But  W is  equal 
to  the  sum  of  P'  and  P,  and  in  this  case 
the  lever  is  one  of  the  first  kind.  Hence, 
in  a lever  of  the  first  kind,  the  pressure 
on  the  fulcrum  is  equal  to  the  sum  of 
tlie  power  and  weight. 

(‘.!4.)  In  (22)  we  supposed  that  the 
bar  which  sustains  the  weight  rests  on 
the  props  in  a horizontal  position.  But 
tlie  conclusions  which  we  have  deduced 
arc  equally  true  if  the  bar  be  inclined  to 
the  horizon  and  the  weight  is  distributed 
between  the  props  precisely  in  the  same 
proportion.  Korlet  A B 12.)  be  the 
beam,  and,  as  Iwforc,  let  the  prop  B be  re- 
placed by  a weight  P acting  over  a wheel, 
and  let  the  vertical  line  in  wiiich  the  string 


from  B acts  be  B n,  and  let  C W be 
the  direction  of  the  weight.  Tliis  is  a 
lever  of  the  second  kind,  and  by  (14)  it, 
follows  that 

P : AV  : : A m : A n. 

But  since  C m and  B n are  parallel,  it 
follows  by  the  principles  of  geometry 
that  A m : A n : : A C ; A B.  Hence 
P ; W : ; A C : A B 
or  P=WxiS 

which  is  the  same  value  as  we  obtained 
for  the  pressure  on  the  prop  B when  we 
supposed  the  beam  A B to  be  hori- 
zontal. 

Hence  it  appears  that,  whether  the 
beam  be  horizontal  or  inclined,  the 
weight  is  distributed  between  the  props 
in  the  same  proportion. 

From  what  we  have  established  in 
(22)  it  follows,  that  when  the  weight  is 
placed  at  the  middle  point  of  the  beam, 
it  is  equally  distributed  between  the 
props,  each  i>rop  bearing  half  of  it. 

(i.').)  When  two  men  bear  a weight 
on  poles,  the  proportion  sustained  by 
each  is  to  be  determined  on  the  princi- 


ples whicn  we  nave  just  established,  and 
when  it  is,  as  is  usual,  placed  in  the 
centre  between  them,  each  bearer  carries 
half  the  load.  If  tlie  centre  of  gravity 
of  the'load  be  in  the  plane  of  the  poles 
which  support  it,  this  equal  distribution 
of  tlie  load  continues  whether  the 
bearers  move  on  a level  plane  or  on  a 
decUvity.  If,  however,  the  centre  of 
gravity  be  above  or  below  the  poles,  the 
load  IS  not  equally  distributed  if  the 
bearers  are  on  an  ascent  or  descent.  In 
this  case  let  G (Jig.  13.)  be  the  centre  of 


gravity  of  the  load  below  the  poles  A B, 
and  through  G draw  the  vcrticid  line  G D. 
Since  the  weight  acts  as  if  it  were  col- 
lecteil  at  the  centre  of  gravity,  it  must 
produce  the  same  effect  as  if  it  were 
suspended  from  D.  and  consc<iucnt!y  is 
disiributed  tietwecn  the  bearers  A and 
B in  the  proportion  of  B D to  A D,  and 
consequently  it  presses  more  severely 
on  the  upper  licarer  B. 

But  if,  on  the  other  hand,  the  centre  of 
gr.avity  lie  above  the  beam,  the  weight, 
acting  as  if  it  were  placed  at  D (Jig.  14.), 
is  disiributed  bctweesi  the  liearers  A B in 
the  proportion  B D to  A I),  and  there- 
fore presses  more  severely  on  tlie  lower 
liearer  A. 

Tliis  may  be  proved  experimentally  \yy 
providing  two  straight  bars,  A B,  A'B', 
(Jig.  15.)  and  attaching  them  to  the  .sides 


of  a block  of  wood  C D,  which  is  pierced 
with  tlu-ee  holes,  in  any  of  which  may 
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bo  placed  a cjlindnca.  piece  of  lead  X. 
Let  the  apparatus  be  so  adjusted  that 
when  the  lead  is  ])ut  into  tlie  hole  be- 
tween the  bars,  tlie  centre  of  gravity  will 
bo  liotween  them,  and  that  tlie  centre  of 
gravity  will  be  below  or  above  them 
when  the  lead  is  put  into  the  hole  which 
is  below  or  atiove  tlie  bars.  Let  strings 
be  attached  to  tlie  extremities  of  the 
bars,  and  passing  them  over  wheels  as 
represented  in  the  figure,  lot  the  whole 
apparatus  be  supported  in  the  horizon- 
tal position  by  equal  weiglits,  P and  P, 
the  lead  being  placed  in  the  hole  between 
the  burs.  Now,  it  will  be  found  that 
tlie  same  equal  weights  will  support 
the  apparatus  when  it  is  inclined  to  the 
horizon,  provided  the  strngs  by  which 
the  weights  P P act  continue  parallel. 
Let,  then,  the  lead  be  removed  to  tlie 
upper  hole ; the  same  weights  will  sup- 
port tlie  apparatus  in  the  horizontal 
position  ; but  if  it  be  inclined,  it  will  be- 
come necessary  to  increase  the  weight 
wliich  supports  the  lower  end,  and  di- 
minish that  which  supports  the  upper 
end.  On  the  other  hand,  if  the  lead  be 
placed  in  the  lower  hole,  when  tlie  ap- 
paratus is  inclined,  it  will  be  necessary 
to  increase  the  weight  which  supports 
the  upper  end,  and  to  diminish  that 
which  supports  the  lower  end. 


Throughout  these  experiments  the 
strings  which  support  the  weights  should 
be  kept  parallel. 

Mechanical  writers  have  sometimes 
investigated  this  problem  erroneously. 

Chapter  IV. — Compound  Levers— 
Rectangular  Lercr — Weighing  Ma- 
chine — All  simple  and  complex; 
Machines  reducible  to  equivalent 
Levers. 

(2fi.)  The  power  may  act  upon  tlie 
weight  through  the  intervention  of  a 
series  of  levers,  in  which  case  the  ap- 
p,aratus  is  called  a composition  of  levers, 
or  a compound  lever.  Ttiere  is  one 
general  condition  which  applies  to  every 
combination  of  levers,  ria.  that  “ When 
the  system  is  in  equilibrium,  the  power 
multiplied  by  the  c „atinued  product  of 
the  altemate  arms  commencing  from 
the  power,  is  equal  to  the  weight  mul- 
tiplied by  the  continued  product  of  the 
altemate  arms  beginning  from  the 
weight.”  This  will  be  more  easily  un- 
derstood by  observing  its  application  to 
the  follovnng  examples. 

The  system  of  levers  represented  in 
fg.  16  consists  of  three  levers  of  the 
first  kind.  The  power  acting  at  B 
exerts  a certain  pressure  at  B".  Let 


this  pressure  be  called  x.  Again,  the 
pressure  x by  means  of  the  lever  B'  C' 
produces  a pressure,  which  we  call  y,  at 
G",  and  the  pressure  y at  C'  supports 
the  weight  W at  C". 

Let  the  altemate  arms  B G.  B'  G', 
B“  G ',  commencing  from  the  power,  be 
called  p,  p and  p" ; and  let  the  altemate 
arms  G’  G",  C G',  C G,  commencing 
from  the  weight,  be  uC,  w\  and  tc.  Now, 
since  the  power  P equilibrates  with  the 
pressure  x,  we  have 

V p = X . K. 

Also,  since  the  pressure  x equilibrates 
with  the  pressure  y,  we  have 
xp’^y  uf-, 

and  since  the  pressure  y equilibrates 
.with  the  weight  W,  we  have 
yp"=  W.uT, 


Since  P p,  x p/,  and  y pf  are  respec- 
tively equal  to  a;  »e,  y u/,  and  \\^  w",  it 
follows  that,  if  the  former  be  multiplied 
together,  they  will  be  equal  to  the  latter 
multipli^  together.  Hence  we  have 
P p X p'  y p'  = X w y w'  w". 

In  these  equal  products,  by  omitting  the 
common  multipUers  x and  y,  we  obtain 
P .1)  p'  p"  = W fc  tC  w"  ;• 
that  is,  the  power  multiplieil  by  the 
continued  product  of  the  altemate  arms 
commencing  from  the  power,  is  equal 
to  the  weight  multiplied  by  the  continued 
vroduct  of  the  altemate  amis  commenc- 
ingfrom  the  weight. 

Those  students  w ho  are  not  sufficiently 
masters  of  the  signification  of  the  alge- 


* Sm  Daslit'i  Atgehra,  p.  61. 
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braic  notation  to  follow  the  preceding 
very  simple  proof,  may  easily  be  satisfied 
of  the  truth  of  the  result  by  actual  ex- 
periment. 

Let  us  suppose  that  the  arms  p,p,p', 
are  4,  6 and  8 inches  respectively,  and 
^at  u>,  W.w"  are  1,  2 and  3 inches; 
it  will  be  found  that  a power  of  two 
ounces  at  B will  sustain  a weight  of  64 
ounces  at  C".  In  this  case  we  have  the 


product  2 X 4 X 6 X 8 equal  to  J84,  and 
the  product  64  x 1 x 2 x 3 also  equal 
to  384 ; and  the  same  woiUd  be  found 
to  be  tnie  of  any  power  and  weight 
which  would  balance  each  other. 

Tlie  demonstration  which  we  have 
given  above  of  the  condition  of  equili- 
brium will  be  found  to  apply  equally  to 
any  system  of  compound  levers.  Fig.  1 7 
is  a system  of  levers  of  the  second  kind. 


The  alternate  arms,  beginning  from  the 
power,  and  those  beginning  from  the 
weight,  are  marked  by  the  same  letter 
as  in  Jig.  1 6. 

In  Jig.  18,  we  have  represented  a 


system  of  mixed  levers,  some  of  the  first, 
and  some  of  the  second,  kind.  The 
same  condition  establishes  tlie  equi- 
librium. 

(27.)  A rectangular  lever  is  a form 


not  unfrequently  used,  and  is  governed 
by  the  same  condition  of  equilibrium  as 
other  levers.  Such  a lever  is  repre- 
sented in  Jig.  19.  Tlie  weight  W is 


suspended  from  the  shorter  arm  G C or 
w,  and  the  power  P from  the  longer  G B, 
or  p : tire  condition  of  equilibrium  is 
evidently 

P p = W-  w. 


When  a hammer  is  used  for  drawing  a 
nail  it  is  a levef  of  this  kind,  G C being 
the  claw  and  G B the  handle.  In  this 
and  all  the  other  cases  which  we  have 
now  noticeil,  we  consider  the  axis,  or 
fulcrum,  to  pass  through  the  centre  of 
gravity  of  the  lever,  and  therefore  we 
have  not  attended  to  the  effect  of  the 
weight  of  the  bar  itself. 

The  condition  of  equilibrium  in  the 
rectanguliw  lever  maybe  verified  by  ex- 
periment in  a manner  similar  to  the 
other  cases,  by  suspending  such  weights 
as  will  produce  equilibrium,  and  mul- 
tiplying them  by  the  lengths  of  the  arms 
by  which  they  resjxtetively  act,  and 
snowing  that  Pp=  w w. 

(28.)  The  rectangular  lever  may  form 
art  of  a compound  system,  as  in^jg.  20 ; 
ut  the  general  condition  of  Muilibrium 
established  in  (7.)  will  still  be  ap- 
plicable. 
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(29.)  The  irnghing-machine  is  forme:! 
of  a composition  of  levers.  This  ma- 
chine may  be  used  in  any  case  wlierc 
considerable  weights  arc  to  be  deter- 
mined, and  is  commonly  used  at  turn- 
pikes in  weighing  wagons,  to  ascertain 
that  they  are  not  loaded  beyond  what  is 
allowed  by  law  to  the  breadth  of  their 
wheels. 

A system  of  levers  is  placed  in  a 
horizontal  position  in  a box  about 
a foot  deep,  so  that  a platform  sup- 
ported by  tne  levers  shall  be  on  a level 
with  the  road ; the  wagon  to  be  weighed 
being  rolled  upon  the  platform,  the 
power  which,  througl!  the  intervention 
of  the  combination  of  levers,  is  capable 
of  sustaining  it,  l)ecomes  an  indication 
of  its  weight.  The  advantage  of  this  is, 
that  a very  small  weight  becomes  the 
measure  of  a very  great  one,  and  the 
practical  process  of  weighii^  is  thereby 
expedited. 

Fig.  21  is  a ground  plan  of  the  sys- 
tem of  levers  in  such  a machine  as 
this*".  In  the  middle  of  the  box  is  a 
fulorum-piu,  I h,  formed  like  the  nail  of 


Fig.  21. 


* For  a more  detailed  arcooAt  of  thi<  machine,  see 
OazooMY's  Mechanics,  toL  U.  p. 


to  the  bottom  of  the  box.  This  lever 
poes  throiiirh  one  side  of  the  box,  and 
is  furnished  at  its  extremity  with  a hard 
steel  pin  m n,  also  formed  to  an  edge 
below.  In  the  centre  of  tlie  box  a nail 
of  hard  steel  i j passes  through  the 
lever  just  mentioned  at  P,  and  presents 
a hard  edge  upwards.  In  the  four 
comers  I.  M N O of  the  box  arc 
finnly  fixed  small  blocks  of  hard  steel, 
having  hollow  hemispherical  cavities  or 
cups  in  their  upper  surfaces.  BCD 
E F represent  the  upper  txlge  of  a 
strong  iron  bar,  having  hard  steel  studs 
on  its  lower  surface  at  B and  F,  which 
rest  in  the  cups  or  cavities  of  the  steel 
blocks  just  mentioned.  There  is  also 
a hard  edge  immediately  under  D which 
rests  on  the  edge  of  i j and  at  right 
angles  to  it.  At  C E are  fixed  studs 
of  pointed  steel  presented  upwards.  On 
the  other  side  of  the  lever  is  a similar 
arrangement  marked  by  the  same  letters 
accented. 

W e have,  then , four  pointed  studs  pre- 
sented upwards,  and  which  arc  so  ad- 
justed as  to  be  in  the  same  horizontal 
plane.  On  these  studs  the  platform 
rests  on  which  the  body  to  he  weighed 
is  placed. 

Now,  suppose  that  a wire  or  rod  be 
connected  with  the  end  m n of  the  lever 
F P,  and  be  carried  upwards  perpendi- 
cularly to  the  plane  of  the  box  L ^I  O N, 
and  finally,  he  connected  with  the  end 
of  another  lever,  fiom  the  other  arm  of 
which  the  counterpoise  or  power  is 
suspended  ; the  amount  of  that  power 
or  counterpoise  will  be  the  indication  of 
the  weight  upon  the  platform.  To  de- 
termine the  proportion  of  this  counter- 
poise to  the  weight  on  the  platform,  let 
the  arms  B C,  F P,  and  the  arm  of  the 
final  lever  with  which  /m  is  connected 
be  tc,  W and  w"  respectively,  and  let 
B D,  F m and  the  arm  of  the  final  lever 
on  which  the  jrower  acts  be  and 
respectively.  ThefourleversB'D'.B  D, 
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F D,  F*  D',  being  perfectly  equal  and 
similar,  the  effect  of  the  weight  distri- 
buted amongst  them  is  the  same  as  if 
the  whole  weight  rested  upon  any  one. 
Hence  tlie  condition  of  equilibrium  is 
P xpp‘p"=  W X ir  w'  tr". 

Tliiis,  if  ic  and  W be  each  one  foot,  and 
that  p and  p' be  each  10  feet,  and  if 
1C"  be  one  inch,  and  p"  be  one  foot ; w c 
have 

Px  lOx  lOx  1 = Wx  1 X I X 
or  100  P=}'; 
that  is  1200  P = W. 

In  which  case  Ihe  weight  would  be  1200 
times  Ihe  eoimtci poise,  and  thus  a 
weight  of  one  pound  would  balance 
1200  lbs. 

By  a proper  adjustment  of  the  levers, 
the  indicating  weight  might  lx;  made  to 
have  any  convenient  rehition  to  the 
weight  to  be  ascertained.  Tlius  one 
ounce  might  correspond  to  one  hundred 
weight.  'This  would  be  clfccted  if  tc 
and  were  each  one  foot,  and  p were 
8 feet,  p"  IG  feet,  and  w"  one  inch,  and 
p"  1 1 inches : for  then  we  should  have 
Px8x  IGx  (S  = Wx  I X I X 
or  1/92  P^W  ; 

that  is,  the  weight  is  1 792  times  the 
counterpoise;  and  since  there  are  1792 
ounces  in  one  hundred  weight,  it  fol- 
lows, that  one  ounce  will  balance  an 
iiiiiidrerl  weight. 

(30.)  The  mechanical  efficacy  of  a 
machine  depends  on  the  rafio  of  the 
w eight  to  the  power,  and  is  said  to  be 
greater  or  less  according  as  this  ratio 
is  greater  or  less.  It  might  be  well  at 
once  to  define  the  mechanical  efficacy  to 
be  the  numerical  quota  arising  from  the 
division  of  the  weight  by  the  power. 
Thus,  if  the  weight  be  ten  times  Ihe 
power,  Ihe  mechanical  efficacy  is  ten. 
if  three  times  the  weight  is  equal  to 
twenty  times  the  power,  the  mechanical 
efiicacy  is  ” or  6J.  It  follows,  there- 
fore, that  when  this  quantity  is  a proper 
fraction,  what  in  ordinary  cases  is  me- 
chanical efficacy,  becomes  a mechani- 
cal disadvantage,  as  when  the  weight  is 
half  the  power.  We  have  already  seen 
when  the  power  on  the  lever  is  between 
the  weight  and  prop,  Ihe  machine  acts 
in  this  way  under  a mechanical  dis- 
advantage. 

(31.)  Tlie  same  lever  admits  of  having 
its  mechanical  efficacy  varied  at  plea- 
sure, by  changing  the  positions  of  Ihe 
power  and  weight  with  respect  to  the 
prop,  so  that  it  may  be  made  to  act  witli 
any  given  mechanical  efficacy,  or  even 
with  any  mechanical  disadvantage.  Tliis 


is  a property  in  which  it  is  distinguished 
from  most  other  simple  machines,  and 
one  which  renders  it  a convenient  stand- 
ard or  modulus  for  representing  all 
other  machines.  Whatever  be  the  pro- 
portion of  the  iKiw  er  and  weight  in  any 
machine,  a lever  may  be  assigned  in 
which  the  ]x>wer  and  weight  will  have 
the  same  proportion,  and  which,  llierc- 
forc,  we  eiUl  an  equivalent  lever. 

As  all  simple  machines  may  be  repre- 
sented by  equivalent  simple  levers,  so 
all  complex  machines  may  lx;  repre- 
sented by  equivalent  systems  of  com- 
pound levers.  To  effect  this,  it  is  only 
necessary  to  determine  the  proportion 
of  tlie  power  to  Ihe  weight  in  all  tlie 
simple  component  machines,  which,  in 
the  complex  machine  under  considera- 
tion, are  interposed  between  the  w eight 
and  the  power,  and  take  a series  of 
levers  whose  alternate  arms,  beginning 
from  the  power,  bear  the  same  propor- 
tions to  the  remaining  amis  respec- 
tively. Such  a system  of  levers  will  be 
mechanically  equivalent  to  tlie  complex 
machine. 

Hence,  and  from  the  result  of  (26) 
it  follows,  that  in  any  complex  machine, 
the  proportion  of  the  power  to  the 
weight  may  be  easily  assigned,  pro- 
vided the  proixirtions  of  the  power  to 
the  weight  in  the  simple  component 
machines  are  known.  For  let  these 
projiortions  be  w \ p,  tr' : p'  and  ic"  : 
p"  ; then  the  proportion  of  the  power 
ami  weight  in  the  complex  machine 
will  be  deteraiincd  by 

V.pp'p''  = W,  w w' le'. 

When  we  say  that  a lever  or  a sys- 
tem of  levers  can  always  be  found 
which  are  mechanically  equivalent  to 
any  given  machine,  we  would  be  un- 
derstood to  mean  only,  that  the  same 
power  will  sustain  the  same  weight  in 
each,  but  by  no  means  implying  that  all 
the  mechanical  functions  of  each  species 
of  machine  can  be  discharged  by  a 
system  of  levers. 

Chapter  V. — The  Balance— common 
Balance  trith  equal  Anns— its  requi- 
sites—sensibility— Method  of  detect- 
ing a fraudulent  Balance — Steel-yard 
— Danish  Balance — bent  leccrBaiance 
— Brady  's  Balance. 

(32.)  The  balaxce  is  an  instrument 
used  for  deterniining  the  weights  of 
bodies,  by  showing  their  relation  to  the 
w eights  of  some  other  bodies  which  are 
known,  or  whicli  are  assumed  as  general 
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sfandards  of  weight.  This  is  one  of  tlie 
most  interesting  and  generally  useful 
applieatinns  of  the  lever,  and  assumes 
various  forms,  according  to  the  nature 
and  magnitude  of  the  suhstances  whose 
weights  are  to  be  determined,  and  to 
the  degree  of  accuracy  which  is  required 
in  the  result. 

The  most  usual  form  of  the  balance 
is  that  of  a lever  of  the  first  kind  with 
equal  anns;  so  that  the  substance  to  be 
weighwl  being  suspended  from  one  arm, 
and  the  weights  assumed  as  standanls 
of  comparison  being  suspended  from 
tlie  other,  the  equilibrium  will  neces- 
sarily be  established  when  tliese  weights 
are  equal  (14). 

This,  however,  is  only  the  general 
principle  of  the  common  balance.  In  its 
construction  there  mu  various  circum- 
stancs's  to  lie  attended  to  which  are  of 
considerable  iuiportanee. 

(.13.)  Tlie  lever  which  forms  the  ba- 
lance, and  which  is  called  the  beam, 
should  be  so  constructed  that  its  centre  of 
gravity  should  be  immediately  iiniler  the 
axis  or  centre  of  motion.  For  if  the 
centre  of  gravity  were  itself  the  centre 
of  motion,  the  beam  would  rest  indif- 
R’n'ntly  in  any  jmsition  ; whereas  the 
equality  of  the  weights  is  determined 
by  its  assuming  the  horizontal  posi- 
tion. If  the  ceiihe  of  gravity  were 
above  the  centre  of  motion,  the  least  dis- 
turliance  would  cause  the  Ijeam  to 
upset.  (Treatise  /.  chap,  iv.) 

The  centre  of  mwvity  being,  by  the 
construction  of  the  beam,  beneatli  the 
centre  of  motion,  the  line  joining  it  with 
the  centre  of  motion  will,  when  tlie 
beam  is  unloaded,  always  settle  itself  so 
as  to  be  in  a vertical  direction. 

(34.)  The  substance  to  be  weighed, 
and  the  weights  with  which  it  is  com- 
pared, are  placed  in  dishes  suspended 
&om  points  at  the  extremities  of  the 
beam,  called  the  points  of  suspension. 
These  points  should  be  so  placed,  that 
a straight  line  drawn  joining  them  shall 
be  perpendicular  to  the  straight  line 
which  IS  drawn  joining  the  cenh-es  of 


Fig.  22. 


CTavity  and  motion,  and  so  Uial  it  shall 
he  divided  by  that  line  into  two  equal 
parts. 

That  is,  if  S and  S'  {Jfg.  22.)  be  the 
point*  of  suspension,  m the  centre  of 
motion,  and  ^ the  centre  of  gravity  of  the 
beam ; the  lines  S S'  and  m g should 
intersect  at  c at  ri^ht  angles,  and  S c 
should  be  equal  to  S'c. 

The  beam  Iwing  thus  constructed, 
the  pointy  will,  by  the  properties  of  the 
centre  of  gravity  explained  in  Treahael. 
settle  itself  vertically  lielow  m,  so  that 
m g shall  be  perjK*ndicular  to  an  hori- 
zontal plane.  The  line  S S',  being  per- 
endicularto^m,  will  in  that  case  be 
orizontal. 

(35.)  In  order  to  exhibit,  in  using  the 
balance,  the  direction  of  the  line  m g 
{/ig.  23.)  a needle  or  index  is  attached  to 
(he  l>eam,  which  sometimes  plays  upon  a 
graduated  ai-ch ; and  when  it  is  directed 
to  that  point  of  the  arch  which  is  in  a 
vertical  line  passing  tlirougli  the  centre 
of  motion,  the  line  S S'  will  be  hori- 
zontal, an<l  the  line  mg,  which  is  the 
direction  of  the  index,  will  be  vertical. 
This,  ns  we  shall  presently  see,  is  the 
position  of  tlie  balance  which  indicates 
the  equality  of  the  weights  suspended 
from  S and  S'. 


Fig.  23. 


(36.)  Tlie  practical  determination  of 
all  these  eircumstanees  in  a lieam  is  not 
difficult.  Under  any  circumstances,  the 
line  mg,  when  the  beam  is  at  rest,  w ill 
be  vertical.  In  order  to  del  ermine 
whether  S S'  is  in  that  case  horizontal 
or  perpendicular  to  mg’,  let  the  licam 
be  suspendetl  against  a vertical  plane, 
and  mark  the  points  on  the  plane  at 
w hich  S and  S'  are  placed.  Tlien  lift  the 
beam  off  its  centre  and  reverse  if.  If  it 
be  found  that  S' exactly  takes  the  place 
of  S,  and  S of  S',  then  the  line  S S'  is 
horizontal,  and  at  right  angles  to  m ^ 
but  otherwise  not.  To  explain  this  more 
clearly,  let  us  suppose,  that  the  line  S 3’ 
is,in  the  first  instance,  not  perjiendicular 
to  m »■,  but  that  it  deviates  from  the  ]>er- 
pcndicular  ac  tiy  the  angle  Sea.  Let 
the  position  of  the  points  S and  S'  on 
the  vertical  plane  against  which  the 
beam  is  suspended  lie  marked,  and  let 
the  lieam  be  reversed.  When  reversed. 
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it  will  xssurae  the  position  represented 
by  the  faint  line,  tiie  arm  S'c  beini;  as 
much  above  the  horizontal  line  « c as  it 
was  when  on  the  other  side  above  the 
horizontal  line  o'c;  but  that  is  evidently 
as  much  as  the  arm  Sc  was  ImjIow  the 
horizontal  line  a c.  Hence,  it  is  quile 
apparent,  that  if  tlie  positions  of  the 
points  S and  S'  below  and  above  the 
line  a c liefore  and  after  reversion  be 
noted,  half  the  anstle  S'cS  will  be  the 
deviiition  of  the  line  Sc  or  S S' from 
the  perpendicular  aa', 

(37.)  A process  somewhat  similar  to 
this  serves  to  determine  the  deviation  of 
the  index  from  the  dii-cetion  of  the  line 
g »>  (.fig-  2-I.)  Suppose  that  the  previous 
adjust  iiient  lias  been  made,  and  that  the 
line  S S'  is  perpendicular  to  g m ; but 


Fig 
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still  that  the  index  mo  deviates  from 
the  direction  of  g m by  the  angle  b in  v. 
It  is  necessary  to  determine  practically 
whether  any  such  deviation  exists,  and 
if  so,  to  what  amount. 

As  before,  suppose  the  beam  sus- 
pended against  a vertical  plane,  and  the 
position  of  the  point  o marked,  l.et  the 
neam  be  reversed,  and  the  index  will 
assume  the  position  mo',  deviating  as 
much  to  the  left  side  of  the  true  direc- 
tion mb  as  it  before  deviated  to  the 
rieht.  The  point  c'  being  then  marked, 
the  angle  o’  m v will  be  twice  the  devi- 
ation of  the  index  from  its  true  position. 

The  common  commercial  balance  is 
usually  sustained  upon  a loop  of  metal 
on  which  the  beam  rests  by  a knife 
edge.  In  this  case,  when  the  beam  is 
unloaded,  the  index  ought  to  settle  ex- 
actly betw  een  the  sides  of  the  loop,  and 
it  shoidd  always  be  in  this  position 
w hen  equal  weights  are  susiwnded  from 
S and  S'. 

(38.)  The  several  adjustments  which 
we  htive  now  described  being  made,  it 
will  be  evident  that,  when  e(pial  weights 
are  suspended  from  S S',  the  beiuu  will 
maintain  its  horizontal  position.  For 
the  iieipendicular  distances  of  the  ver- 
tical lines  through  S and  .S',  which  are 
the  directions  in  which  the  weights  act 
are  c<iual,  being,  in  fact,  S c and  S d. 
Hence  these  distances,  when  multiplied 


by  the  equal  weights,  will  give  equal 
products,  and  therefore  the  weights 
will  have  equal  tendencies  fo  turn  the 
machine  in  apposite  directions  round  the 
centre  of  motion  m,  and,  consequently, 
they  will  mutually  destroy  each  other  s 
effects,  and  the  instrument  will  maintain 
the  position  it  had  when  unloaded. 

But  let  us  consider  what  would  lie 
the  consequence  if  unequal  weigh.ts 
were  susiiendetl  from  S and  S'.  I.ct  VV  bfe 
suspciidcti  from  S.  and  W'  from  S',  and 
let  W lie  the  greater.  I.et  the  common 
len^h  of  the  arms  S c and  S'  c be  a. 

'The  tendency  of  the  weight  W to  de- 
press the  arm  S i is  measured  by  the 

firoduct  of  tliis  weight,  and  the  length  a of 
he  arm  Sc  orW  xa;  and  the  tendency 
of  the  weight  \V'  to  resist  tliis  is  the 
product  of  the  weight  W'  and  the  arm 
S'c,  or  W'  X a.  Now,  as  W is  greater 
than  \V',  the  product  of  AV  and  a must 
be  greater  than  the  product  of  W'  and 
a,  and  therefore  the  tendency  of  W to 
depress  the  ann  S c is  gieater  than  the 
tendency  of  W' t o resist  that,  and  there- 
fore the  arm  Sc  will  fall  and  S'c  will 
rise. 

It  appears,  therefore,  (hat  if  the  ba- 
lance be  properly  constnicted,  and  tlie 
several  adjustments  which  we  have 
pointed  out  be  attended  to,  it  will  only 
maintain  that  position  in  wliich  the 
beam  is  horizontal,  and  the  index  ver- 
tical, when  loaded  with  equal  weights  ; 
but  that  if  either  weight  be  greater  than 
the  other,  it  will  alviays  incline  in  the 
direction  of  the  greater  weight. 

'File  semibUify  of  a balance  is  mea- 
sured by  the  smallness  of  the  difference 
of  weights  which  turns  the  index  from 
its  unloaded  position  m o,  and  by  the 
ealness  of  the  deviation  v m o from 
c unloaded  jrasiUon  which  that  dif- 
ference produces.  'To  explain  this  more 
fiilly,let  us  siipposethat,  W lieing  greater 
than  W',  the  beam  rests  in  equilibrium 
in  the  jHisition  represented  in  fg.  25. 
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Let  the  weight  of  the  entire  Ijeam  he  G.  the  weight  of  the  beam  G acting  mth 
Through  m let  a line  a m «' he  conceived  the  leverage  bm.  Hence  it  follows, 
to  Ire  drawn  perpendicular  to  the  dux»c-  that,  all  other  things  being  the  same,  the 
lions  of  the  weights,  and  therefore  hori-  sensibility  of  a balance  will  be  increased 
zontal.  Through  c draw  cJ  ]K-rpendi-  by  diminishing  the  weight  of  tlie  beam, 
cular  to  <1  o',  and  therefore  parallel  to  and  by  diminishing  dso  the  distance 
S a and  S'  o',  and  parallel  to  the  same  m g between  the  centres  of  gravity  and 
line's  let  g 6 lie  drawn.  The  machine  is  motion,  for  that  will  evidently  diminish 
thus  maintained  in  equilibrium  on  its  the  leverage  m b. 

centre  m by  three  weights,  viz.  W in  the  Another  cause  which  resists  the  effeet 
direction  a'S,  W'  in  the  direction  S'  o',  of  W is  the  relatively  increased  leverage 
and  G acting  at  the  centre  of  gravity  of  W'.  This  will  l>e  diminished  by 
( Treatise  /.  chap,  iv.)  of  the  beam,  and  diminishing  md  (d  being  the  middle 
ill  the  direction  og.  "nie  weight  W tends  point  of  a u')  or  cm,  that  is,  by  dimi- 
to  turn  the  system  round  in  onedirection,  nishing  the  distance  of  the  line  which 
and  the  weights  G and  \V'  tend  to  turn  joins  the  points  of  suspension  from  tlie 
it  round  in  the  other  direction  ; and  centre  of  motion, 
since  these  tendencies  mutually  coun-  (40.)  To  those  students  who  have 
teract  each  other,  the  product  W x a m,  attaint  a slight  knowledge  of  the  most 
of  the  weight  W and  its  leverage  am  elementary  parts  of  mathem.itical 
must  be  equal  to  (W'xo'm+GxAm)  science,  the  following  investigation  of 
the  sum  of  the  products  of  the  weights  the  circumstances  which  regulate  the 
W’  and  G multiplied  into  their  respective  sensibility  of  the  balance  will  be  more 
leverages  a' m and  b m.  satisfactory'  than  the  jiopular  e\]>lana- 

Since  c is  fhc  middle  point  of  the  line  tion  which  we  have  just  attempted  to 
S ,S',  and  s'mcc  Sa,  cm  and  S' a'  are  Those  students  who  ai*e  not 

parallel,  d must  be  the  middle  point  of  familiar  with  elementary  mathematics 
the  line  a a',  and  therefore  o m will  be  will  pass  over  tliis  article, 
obviously  less  than  (I'm, and  therefore,  in  Let  the  angle  omv,  by  which  the 
the  present  position  ofthetieam,  W acts  index  is  deflected  from  the  vertical  po- 
with  a less  leverage  than  W'.  A little  sition,  be  D.  Let  gm=</,  c m = 6,  and 
attention  to  the  figure  will  show  that,  as  Sc  or  S'c=o.  Since  the  angles  med 
the  weight  W depresses  the  beam,  it  and  mg 6 are  each  equal  to  t),  by  the 
continually  loses  its  leverage,  and  that,  parallels,  and  the  angles  d and  ft  arc 
on  the  other  hand,  W is  continually  right,  we  have  dm  = A sin  D,  and  ft  m= 
gaining  leverage  on  AV.  Besides  this,  dsin  D.  Also,  since  the  angles  formed 
i he  weight  of  Uie  beam  G,  which,  in  the  by  the  lines  S S'  and  a a'  are  equal  to 
unloaded  position,  had  no  leverage,  tliat  formed  by  m e and  m o,  which  are 
gains  leverage  continually  as  W de-  respectively  perpendicular  to  the  former, 
presses  S,  and  conspires  with  W'  in  that  angle  is  equal  to  D,  and  since  the 
resisting  the  descent  of  S by  the  force  angles  at  n a'  arc  right,  we  hase  S S',x 
of  the  heavier  vs'cight  W.  This  being  cos.  D = oa',  or  aa'=2acos.  D,  and 
the  state  of  the  forces,  they  must  come  therefore  nd=acos.  D.  But  nm=n</ 
to  equilibrium  after  the  beam  has  turned  — md=acos.D — ft  sin  D,  and  a' m= 
from  its  unloaded  position.  Now,  the  ad+m'd=a  cos.  D + A sin  d. 
greater  the  deviation  of  the  beam  from  Now,  suppose  that  the  weight  AVcon- 
its  iinloailcd  position,  when  it  attains  sists  of  two  parts,  one  equal  to  W',  and 
the  state  of  equilibrium,  the  greater  will  therefore  the  otlier  E to  the  dilference 
be  its  sensibility,  the  difference  of  the  between  W and  AV' : the  combined 
weights  being  the  same.  The  sensibility  effect  of  that  part  of  AA'  which  is  equal 
then,  it  is  evident,  will  lie  increased  by  to  AA",  and  of  AA"  itself,  w ill  be  the  same 
diminishing  those  causes  which  resist  as  if  2 AA"  acted  at  the  middle  jxiiiit  c 
the  deflection  of  the  beam  from  its  un-  of  the  beam,  and  with  the  leverage  m d. 
loaded  position  by  Uie  heavier  weight  AV.  Hence  tlie  condition  of  equilibrium  will 
One  of  the  principiU  of  these  causes  is  be 

Exam=  2 AV'x md+G X m A,  or 
E (a  cos.  1) — ft  sin  D)  = 2 AV'  ft  sin  D + Gd  sin  D. 

Dividing  this  entire  equation  by  cos  D,  observing  tliat  = fttn.  D 


we  have  E ( a — ft  tan.  D)  = 2 AV'  ft  tan.  D + G d tan.  D. 
'.•tan.D|(E  + 2 W',  ftd-Gd  J = E a.  -•  ° , W'  + 
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■Tlie  first  member  of  tliis  equation  may 
DC  taken  as  the  measure  of  tlie  sensi- 
bility. 

{;!  1 .)  From  the  result  of  this  investi- 
gation. the  student  will  find  no  diffi. 
culty  in  drawing  the  following  conclu- 
sions : — 

1 . That  all  other  things  being'  the 
same,  the  sensibility  of  a balance  is  in- 
creased by  increasing  the  lengths  of  its 
arms. 

2.  That  all  other  things  being  the 
same,  the  sensibility  is  increased,  dimi- 
mshing  the  weight  of  the  beam. 

3.  That  the  sensibility  is  increased 
by  diminishing  the  di.stance  between  the 
centres  of  gravity  and  motion. 

4.  That  the  sensibility  is  increased 
bjr  diminishing  the  distance  of  the  line, 
joining  the  points  of  suspension  from 
the  centre  of  motion. 

5.  Tliat  the  sensibility  isgreater when 

the  load  is  smaller. 

We  cannot  here  pursue  this  subject 
further,  althougli  numerous  otlier  in- 
teresting consequences  might  be  de- 
duced. We  have  supposed  that  the  line 
joining  the  points  of  suspension  is  below 
the  centre  of  motion.  This  is  not  al- 
ways the  case,  and  when  it  is  above  it, 
the  formula  which  we  have  obtained 
for  the  sensibility  becomes 
tan.  D a 

E “ G d — ( 2 

We  leave  the  mathematical  student 
to  pursue  the  effects  of  this  modification 
"on  the  sensibility. 

(42.)  In  the  practical  construction 
of  a balance  of  a high  degree  of  sensi- 
bility for  philosophical  purposes,  there 
are  many  circumstances  to  be  attended 
to,  which  are  properly  enough  neglected 
in  balances  used  for  commercial  pur- 
poses, 

/ug.  26.  is  a representation  of  a very 
sensible  philosophical  balance,  by  which 
very  minute  differences  of  weight  may 
be  determined.  The  beam  S S'  has  arms 
of  equal  length,  and  of  perfectly  equal 
and  similar  figures.  It  is  very  accu- 
rately placed  upon  knife-edges  at 
w,  which  rest  upon  highly-polished 
plates  of  hardened  steel.  ITie  beam 
IS  only  allowed  to  rest  upon  (he  plates 
when  m use.  Two  foras  are  placed 
under  its  anus  at  G G',  supported 
by  vertical  pillars,  wdiich  when  raised 
by  screws  which  are  represented  at  the 
foot  of  each  pillar,  will  lift  the  beam 
from  the  platM  on  wliich  the  knife-edges 
rcst.  By  this,  the  wear  arising  from 
the  conlmued  pressure  of  the  e^es  on 


26, 


the  plates  is  avoided.  A needle  or  index 
IS  attached  to  the  centre  m and  plays 
upon  a graduated  arch  below  and 
points  to  zero  on  (he  arch  when  (here 
IS  exact  equilibrium.  A balance  Such 
as  this  IS  generally  inclosed  in  a glass 
case,  and  only  opened  sufficiently  to  in- 
troduce into  the  dishes  (he  weights  and 
substances  to  be  weighed. 

(43.)  Commercial  balances  are  fre- 
quently misconstructed  for  fraudulent 
purposes,  by  makingthearra,  from  which 
the  substance  to  beweighed  is  suspended 
longer  than  that  from  which  the  counter- 
poise IS  hung,thcreby  giving  (he  substance 
to  be  weighed  a greater  lei  erage  and  en- 
^Img  it  to  support  a counterpoise  propor- 
honafly  greater  than  itself.  The  end  to 
be  attained  by  the  use  of  such  a balance 
may  be  defeated  in  several  ways.  If  the 
object  be  merely  to  detect  the  fraud,  it  will 
be  sufficient,  after  equilibrium  has  been 
established  between  the  substance  to  lie 
weighed  and  the  weights,  to  transpose 
them,  and  put  the  substance  to  be 
weighed  in  the  dish  in  which  the  weights 
were,  and  rice  versH,  If  the  balance  be 
honestly  constructed,  the  equilibrium 
will  be  undisturlied ; but  if  it  be  fraudu- 
lent, the  substance  to  be  weighed  will 
preponderate,  since,  after  the  transposi- 
hon,  it  will  have  the  greater  leverage. 
But  if  the  object  be  not  alone  to  detect 
the  fraud,  but  to  ascertain  the  true 
weight  of  the  substance,  let  the  counter- 
poise which  will  produce  equilibrium 
after  transposition  l.e  found,  and  let 
this  and  the  former  counterpoise  be 
reduced  to  the  same  denomination  of 
weight,  and  let  the  two  counterpoises 
thus  expressed  be  multiplied  together, 
and  the  square  root  of  the  product  ex* 
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iracted ; that  square  root  will  be  tlie 
true  wei(tht.  Tims,  fur  example,  if  one 
counterpoise  be  7lbs.,  ami  the  other 
9}lbs.,  the  priMluct  7 x 911bs.  is  fi4,  the 
square  root  of  which  is  8.  Hence  8lbs. 
is  the  true  weieht. 

To  prove  this,  let  a and  b te  the 
arms,  A and  B the  two  counterpoises, 
and  X the  true  weight.  We  have 
T : A : : u b. 

B : X : : a:  b. 

Henoe  we  may  infer,  that 
X : A : : B : X. 

.•.X’  =AB,x=  v'AB. 

Independently  of  finding  tlie  true 
weight,  or  detecting  the  fact  of  a balance 
being  fraudulent,  there  arc  several  ways 
in  which  the  design  of  the  vender  may 
be  defeated. 

Let  the  substance  to  he  purchased 
be  bought  in  two  quantities  nominally 
equal,  and  let  these  be  weighed  in  different 
dishes ; the  resml  w ill  be,  that  the  buyer 
will  always  get  more  than  the  just  quan- 
tity, in  proportion  as  the  balance  is  more 
fraudulent.  Thus,  suppose  that  the 
anus  of  the  balance  were  m the  propor- 
tion of  II  to  12,  and  tliat  two  pounds 
of  any  substance  be  weighed  in  different 
dishes,  the  counterpoise  in  each  case 
being  just  a pound : in  the  one  case 
the  buyer  will  receive  eleven-twelfths 
of  a pound,  and  in  tlie  other  twelve- 
elevenths  ; so  that  in  one  portion  he 
will  receive  one-twelfth  less  than  one 
pound,  and  in  the  other  he  will  receive 
one-clcvcnth  more  tliim  a pound.  Now, 
onc-eleventh  being  more  than  one- 
twelfth,  he  will,  on  the  whole,  receive 
more  than  the  just  quantity,  by  the  dif- 
ference between  an  eleventh  and  a 
twelfth,  or  by  7^  of  a pound. 

In  general,  let  a 6 be  the  arms,  W 
the  counterpoise,  and  x and  y the  two 
portions,  nominally  etpial, 

x:W::a:6.-.x=W.  2 
y : \V  : : 4 ; a . • . y = \V.  j 

Hence  we  find, 

x+y  = W(i-pi) 

Now,  the  sum  of  a numlier  and  its 
reciprocal  is  always  greater  than  2,  and 
therefore  x f y is  gieater  than  2 W. 

But  the  best  way  of  ascertaining  the 
true  weight  of  a substance  with  a traud- 
ulent  balance,  or  indeed  with  any  com- 
mon balance,  is  to  place  the  substance 
in  one  dish,  and  accurately  counter- 
poise it  with  fine  sand  in  the  other. 
Then  take  out  the  substance  to  be 
weighed,  and  replace  it  by  the  weights 


with  which  it  is  to  be  compared ; and 
the  equilibrium  being  prwluced  by  them, 
the  true  weight  will  thus  be  determined, 
independent  of  all  imperfection  of  the 
instrument. 

(44.)  Besides  the  common  balance 
with  equal  arms,  there  are  various  other 
modifications  of  the  lever  used  for  de- 
termining the  weights  of  bodies.  We 
have  already  described  one  (the  fVeigh- 
ing  Machine,)  for  ascertaining  veiy 
great  weights.  Those  which  wo  shau 
now  describe  are  suited  to  ascertain  the 
weights  of  smaller  quantities. 

Tlie  Homan  balance,  or  the  common 
steel-yard  (fig.  27.)  consists  of  a beam  or 
a bar  of  iron  resting  upon  knife-edges  or 


a pivot,  and  having  one  arm  much  longer 
than  the  other.  We  shall  first  suppose, 
that  the  shorter  arm  is  rendered  so  heavy 
as  to  balance  the  longer  arm  when  the 
instrument  is  unloadetl,  and  that  in  that 
state  the  beam  is  horirontal.  A hook  is 
fixed  upon  the  shorter  arm,  from  which 
the  substance  to  be  weighed  is  to  be 
suspended,  and  a determinate  and  move- 
able  weight  P slides  on  the  longer  arm. 
Equilibrium  is  establisheil  by  moving 
the  sliding- w eight  P from  the  centre  (3 
until  it  acquires  such  a leverage  that  it 
s’lppoi-ts  the  weight  W.  The  arm  G B 
is  graduated,  so  that  it  indicates  the 
amount  of  the  weight  W at  the  point 
where  the  sliding-w  eight  supports  it. 

The  principle  of  this  machine,  and 
the  method  of  graduating  it,  are  veiy 
simple.  By  the  general  properly  of  the 
lever,  the  condition  of  equilibrium  is, 
that  the  weight  W multiplied  by  its  dis- 
tance w from  the  fulcrum,  is  equal  to 
the  counteriKiise  P multiplied  into  its 
distance  p from  Uic  fulcrum,  or  W x m 
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«=Pxp.  Now,  since  the  distance  «)  of 
the  weight  from  the  fulcrum  always  re- 
mains the  same,  and  since  the  counter- 
poise P is  not  changed,  it  follows,  that 
in  whatever  proportion  W is  increased 
or  diminished,  p must  be  increased  or 
diminished  in  exactly  the  same  propor- 
tion, in  order  to  sustain  the  equality  of 
the  products  we  have  just  mentioned ; 
that  is,  if  'VV  be  doubled  or  trebled,  p 
must  be  likewise  doubled  or  trebled, 
and  so  on. 

If,  then,  it  be  required  to  graduate  the 
steel-yard  so  as  to  indicate  to  the  exact- 
ness of  ounces,  let  one  ounce  be  sus- 
pended from  C,  and  let  the  counterpoise 
P be  moved  towards  G until  the  beam 
rests  in  the  horizontal  position.  Then 
let  two  ounces  be  suspended  from  C, 
and  move  the  counterpoise  P from  G 
until  the  beam  rests  as  before.  Having 
marked  two  divisions  at  the  two  posi- 
tions of  the  counterpoise  thus  obtained, 
let  the  whole  length  of  the  arm  G B be 
divided  into  equal  divisions  at  the  same 
distance,  and  the  number  of  any  divi- 
sion, beginning  from  that  which  is 
nearest  to  G,  will  give  the  numlier  of 
ounces  which  the  counterpoise  P placed 
at  that  division  will  sustain. 

If  the  centre  of  gravity  of  the  beam 
be  not  at  or  under  the  fulcrum,  the  gra- 
duation must  be  effected  differently. 
First,  let  us  suppose  that  the  centre  of 
gravity  of  the  beam  is  at  D at  the  same 
side  of  the  fulcrum  with  the  weight.  In 
that  case  the  end  C of  the.  beam  will 
preponderate  when  unloaded.  Ia;t  F be 
the  place  at  which  the  counterpoise  P 
must  be  suspended  in  order  to  keep  the 
unloaded  beam  horizontal,  and  let  G F 
be  called /.  As  before,  let  the  steel-yard 
be  graduated  to  ounces.  The  counter- 
ise  P being  placed  at  F,  let  one  ounce 
suspended  from  C,  and  a division 
having  been  marked  at  F,  let  the  coun- 
terpoise be  moved  from  G until  equili- 
brium is  established.  Let  the  second 
division  be  marked  at  that  position. 
After  this,  let  the  divisions  towards  B 
be  continued  at  equal  distances,  and  the 
number  of  any  division  beginning  from 
F will  be  the  number  of  ounces  which 
the  counterpoise  P placed  at  that  divi- 
iion  will  sustain : for  let  the  distance  D G 
be  d,  and  let  g be  the  weight  of  the 
steel-yard : the  whole  weight  acting  at 
p,  its  effort  to  depress  the  arm  C G 
is  measured  by  the  product  g x d. 
Also,  the  effort  of  VV  to  depress  the 
arm  is  measureil  by  the  product  W x w. 
These  two  efforts  are  counteracted  by 


the  effort  of  P to  depress  the  arm  G B, 
which  effort  is  measured  by  the  product 
of  P,  and  the  distance  of  P from  G. 
Let  the  distance  of  P from  F be  p,  and 
its  distance  from  G will  be  jp  -1-/,  and 
the  produetjust  mentioned  is  P x (p-|-/,) 
or  the  sum  of  the  products  P x p and 
P X /.  Thus,  we  have 

Vfxw  + gxd=Pxp+Px/. 

But  it  was  before  statM,  that  P,  at 
the  distance  /,  balanced  the  unloaded 
beam  ; and  therefore  Px  /,  which  mea- 
sures the  effort  of  P to  depress  the  arm 
G B,  is  equal  lo  gx  d,  which  measures 
the  effort  of  the  weight  of  the  beam  to 
depress  the  arm  C G.  Hence  the  equals 
g X d and  P x / being  taken  from  the 
former  equals,  we  have  remaining 
W X U)  = P X p. 

Hence,  in  whatever  proportion  Vi  is 
increased  or  diminished,  p must  be  in- 
creased or  diminished ; but  p is  the 
distance  of  the  counterpoise  P from  F, 
that  position  in  which  it  balances  the 
unloaded  beam.  From  that  point  F, 
therefore,  the  graduation  must  com- 
mence. 

If  the  centre  of  gravity  lx:  in  the 
longer  arm,  the  graduation  will  com- 
mence from  that  point  in  the  shorter 
arm  at  which  the  counterpoise  will 
balance  the  unloaded  beam.  For,  ssip- 
pose  this  position  to  be  D,  and  the 
centre  of  gravity  of  the  beam  to  be  F, 
the  distances  G D and  G F being  de- 
nominated as  before,  suppose  the  coun- 
terpoise first  suspended  at  D ; a weight 
VV  being  susiiended  from  C,  let  the 
counterpoise  be  moved  towards  G until 
equihbrium  is  established.  First  let 
this  take  place,  w hen  P is  between  D and 
G,  and  let  the  distance  of  P from  D be  p. 
Tlien  we  have 

VVx  in  -I-  P x (d-p)  =g  xf, 
or  VV  X w + Vxd  — Pxp=gxf\ 
adding  to  both  these  equals  P x p,  we 
obtain 

VVxm-t-Pxd-l-Pxp— Pxp  = 
gxf+Pxp, 

orVV  xic-tPxd^gxf+Pxp. 

But,  since  the  product  P x d repre- 
sents the  effort  of  the  counterpoise  at 
D to  depress  the  arm  C G,  and  G xf 
represents  the  effort  of  the  weight  of  tlie 
beam  to  depress  the  arm  G B,  and  these 
efforts  are  equal,  it  follows  that  the 
products  P X <f  and  g xf  are  equal, 
^esc  then  being  taken  from  the  last 
equals,  there  remains 

VV  X to  = P X p. 

Hence,  in  whatever  proportion  VV  is  in- 
crease^ p must  be  increased  in  tlie  same 
C 3 
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proportion ; and  since  is  measured 
n-om  I),  the  graduation  must  commence 
from  that  point. 

Tlie  same  will  be  true  if  the  counter- 

fkjise  be  on  the  longer  arm ; but  our 
imibs  compel  us  to  leave  the  further  in- 
vestigation to  the  student. 

It  IS  evident  that  there  is  a limit  to 
the  weight  which  can  he  determined  by 
this  machine.  When  the  counterpoise 
has  been  brought  to  that  divi.sion  which 
is  nearest  to  B,  it  sustains  the  greatest 
weight  wluch  it  is  capable  of  deter- 
mining. There  are  two  ways  of  esti- 
mating greater  weights  than  this,  either 
by  using  a heavier  counterpoise,  or  by 
having  another  point  of  suspension  on 
the  shorter  arm  nearer  to  the  fulcrum. 
It  is  evident  that  either  will  have  tlie 
desired  eltect 

(45.)  The  Danith  balance  is  a stecl- 
yaid.  in  which  the  counterpoise  is  fixed 
m one  position,  but  the  fidcrum  is 
moveable.  It  is  represented  in  fig.  28. 


Let  C lie  the  centre  of  gravily  of  the 
uploaded  beam,  and  let  the  distance  C 
Gbea*.  The  effort  of  the  weight^oftlie 
beam  to  depress  the  arm  is  then  g y.  x. 
file  effort  of  W to  depress  the  other 
aj-m  is  W x A G,  or  W x (AC  — 6 C). 
Now,  let  A C lie  called  a,  and  the  con- 
dition of  equilibrium  will  lie 
gx  = W a—W  X 
or  gx  + V/x=Vf  a 
Wa 

^-^-1- W 

(46.)  Hence  mav^  deduced  the  method 
of  graduation.  TOe  divisions  must  ob- 
viously commence  from  C.  since  when 
the  loop  is  there  it  poises  the  unloaded 
beam.  If  it  be  required  to  be  graduated 
for  pounds,  let  the  weight  of  the  instru- 
ment g be  expressed  in  pounds,  and  let 
<1,  the  distance  C A,  he  expressed  in 
inches.  First,  suppose  W to  be  one 
pound,  and  we  have 


X = — p-j 

fl  + 1 

If  we  supiiose  W to  be  successively 
3,4,  &c.  iKUinds,  we  have 


2 

.3  a 

" ,g  + 3 
4 a 
' g + i 


&C. 


For  example,  let  a be  18  inches,  and 
g'  be  6 lbs. — the  distances  of  the  divi- 
sions corresponding  to  1,2,  3,  and  4 
lbs.  from  X,  will  be 


18  18  36 

X-  -7-21  8 


54 

T = s 


^ 10  ' ^ ’ 


these  several  numbers  expressing  in 
inches  the  distances  of  the  severm  di- 
visions from  C. 

This  instrument  may  be  graduated 
experimentally  by  suspending  from  A 
successively  1,  2,  3,  &c.  pounds,  and 
finding  by  trial  the  position  of  the 
fidcrum  which  will  produce  equili- 
brium. 


in  a heavy  knob,  which  plays  upon  a 
graduated  arch  G H.  As  the  weight 
depresses  tlie  arm  C .4,  it  is  so  eon- 
sfructed,  that  the  leverage  of  W is 
constimtly  diminished  ; and  since  D is 
moved  up  the  arch,  its  leverage  is  con- 
stantly increased.  When  D acquires 
such  a position  that  it  counterpoises 
the  weignt,  the  division  to  whicn  the 
index  points  on  tlie  graduated  areli 
expresses  the  araoiuit  of  tlie  weight. 

To  graduate  tliis  instrument,  let  the 
first  division  be  placed  at  the  position 
which  tlie  index  assumes  when  the  dish 
F is  unloaded.  Tlieii  li-t  tlie  dish  be 
successively  loaded  witti  1.  2,  3.  &c. 
pounds  or  ounces,  or  whatever  denomi- 
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nation  of  weight  it  is  designed  that  the 

divisions  should  indicate  ; and  the  sue-  Chapter  VI.  Ths  Axle  in  the  Wheel 
cessive  positions  of  the  index  will  deter-  — Methods  of  (applying  the  Power — 
mine  the  divisions.  Windlass — Capstan  — Pressure  on 

A method  of  graduating  the  arch  the  Pivots — De/erls  of  this  Machine — 

may  be  derived  from  mathematical  Methods  of  removing  them — Method 

investication,  independently  of  expert-  of  Regulating  the  Variation  <f  a 
ment,  but  we  cannot  introduce  it  here.  Power  or  Resistance. 

(43.)  We  shall  conclude  this  chapter 

with  the  description  of  a more  modem  (49.)  When  a very  severe  force,  act- 
instrument,  somewhat  similar  to  the  ing  through  a small  space,  is  required 
bent  lever  balance.  Brady's  balance  is  to  be  produced  by  a comparatively  small 
represented  in  30.  BCD  is  an  power,  the  common  lever,  whether  sin  pie 

or  complex,  is  a machine  well  adapted 
to  produce  the  effect.  But  the  defect 
of  tliis  engine  is,  that,  under  all  circum- 
stances, it  works  through  a very  limited 
space,  and  that  the  action  of  the  power 
is  almost  necessarily  intermitting.  Thus 
if  a w eight  is  to  be  raised  by  a lever, 
the  prop  or  fulcrum  is  generally  placed 
somewhat  above  the  point  at  which  the 
working  end  of  the  lever  is  to  be  applied 
to  the  weight.  The  end  to  whicn  the 
power  is  applied  is,  therefore,  above  the 
mlcrum.  Un  depressing  that  extremity, 
the  weight  is  rai.sed  until  the  end  at 
which  the  power  is  applied  is  a little 
below,  and  that  which  sustains  the 
weight  a little  above  the  fulcrum.  The 
weight  must  then  be  supported  by  some 
other  means  until  the  fulcrum  be  raised 
above  it,  and  another  similar  exertion 
of  the  power  be  made. 

(SO.)  To  remove  this  inconvenience 
a modification  of  the  lever,  called  the 
axle  in  the  wheel,  is  used.  This  ma- 


iron  frame,  being  much  thicker  and 
heavier  towards  B than  in  the  other 
parts.  It  is  supported  upon  a fulcrum 
G,  and  F is  a moveable  suspender  to 
which  a scale  or  hook  is  attached  to 
receive  the  substance  to  be  weighed. 

There  are  three  distinct  positions,  II 
F I,  in  which  this  suspender  may 
be  placed,  and  for  which  there  are 
three  distinct  graduated  scales.  When 
a weight  is  suspended  from  the  hook, 
or  placed  in  the  dish,  the  machine  is 
turned  round  the  fulcrum  G,  and  the 
side  C descends  until  equilibrium  is 
established,  and  the  weight  is  read  off  chine  consists  of  a cylinder  A C,  and  a 
from  that  scale  which  corresponds  to  wheel  B D,  having  the  same  axis,  at  the 
the  position  of  the  suspender.  extremities  of  which  are  points  on  which 

One  scale  shows  the  weights  of  bodies  the  whole  may  turn, 
not  exceeding  two  pounds,  and  is  gra-  Fig.  31  is  a section  of  this  machine, 
duated  to  ounces  ; another  determines  taken  in  the  plane  of  the  wheel ; and 
weights  not  exceeding  eleven  pounds,  32  is  a projection  on  a plane  at 
and  is  graduated  to  two  ounces  ; and  right  angles  to  the  wheel.  The  power 
the  third  determines  weights  not  ex-  P is  applied  at  the  circumference  of  the 
ceeding  thirty  poun^^,  and  is  graduated  wheel,  and  generally  in  the  direction 
also  to  four  ounces.  B P of  the  tangent.  A cord  is  wrapped 
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iboiit  the  cylinder,  and  is  the  means  by 
which  the  weight  is  to  be  raised,  or  the 
resistance  overcome. 


It  is  evidently  only  a modification  of 
the  lever,  as  will  appear  by  reference  to 
(7,)  and  the  condition  of  its  equilibrium 
immediately  follows  (torn  the  general 
principle  there  established.  Let  R be 
the  radius  of  the  wheel,  and  r that  of 
the  axle,  and  the  condition  of  equili- 
brium is  P X R =\Vxr;  that  is,  the 
power  mtUtiplied  by  the  radius  of  the 
teheel  is  equal  to  the  weight  multiplied 
by  the  radius  of  the  axle. 

Thus,  if  the  power  be  two  pounds, 
and  the  radius  of  the  wheel  12  inches, 
and  the  weight  8 pounds,  and  the  radius 
of  the  axle  3 inches,  there  will  be  equi- 
librium, each  product  being  24. 

This  condition  is  sometimes  express- 
ed otherwise;  thus,  that  the  power 
must  have  to  the  weight  the  same  ratio 
as  the  radius  of  the  wheel  has  to  the 
radius  of  the  axle,  or 

P : W : : r ; R. 

(.'ll.)  It  is  easy  to  perceive  that  this 
machine  furnishes  an  instance  of  the 
principle  of  virtual  velocities  already 
alluded  to  (5.)  In  one  revolution  of 
tlie  wheel,  the  power  descends  to  a space 
equal  to  the  circumference  of  the  wheel, 
and  the  weight  is  raised  through  a space 
equal  to  the  circumferenoe  of  the  axle. 
Hence,  the  velocity  of  the  power  is  to 
the  velocity  of  the  weight,  as  the  cir- 
cumference of  the  wheel  is  to  the  cu-- 
cumference  of  the  axle.  But  the  cir- 
cumferences of  circles  are  as  their  radii, 
and  therefore  the  velocity  (V)  of  the 
power  is  to  the  velocity  (t>)  of  the 
weight  as  the  radius  of  the  wheel  is  to 
that  of  the  axle,  that  is 

V : o : : R : r. 

By  what  has  been  already  proved,  the 
weight  is  to  the  power  in  the  same  pro- 
portion, apd  therefore  we  have 


W : P : : V : t>. 
or  P X V = W X f ; 
that  IS,  the  power  mul  ‘ip/ied  by  the  ve- 
locity of  the  mwer  is  equal  to  the 
weight  multiplied  by  the  velocity  qf  the 
weight. 

(52.)  The  axle  in  the  wheel  has  been 
not  improperly  caUed  the  continual  or 
peipetual  lever,  because  the  motion 
which  it  communicates  to  the  weight  is 
constant  and  not  intermitting,  iw  we 
have  explained  to  be  the  case  in  the 
common  lever.  In  order  that  it  may  be 
possible  to  suspend  the  action  of  the 
power  without  sufiering  the  weight  to 
descend  or  recoil,  and  thus  lose  the  ad- 
vantage which  has  been  gained  by  its 
elevation,  acontrivanoe  called  a ratcheU 
wheel  is  sometimes  annexed  to  tlie  cy- 
linder or  axle. 


In  S3,  this  apparatus  is  r^re- 
sented  at  6 D.  It  is  a wheel  furnished 
with  teeth  upon  its  edge.  The  teeth  are 
not  presentM  directly  fi-om  the  centre, 
but  are  curved  and  all  bent  in  one  di- 
rection, which  is  that  direction  in  which 
the  rope  is  coiled  upon  the  cylinder.  A 
curved  bolt  or  catch  working  on  a pivot 
at  H,  falls  by  its  weight  between  the  teeth 
of  the  wheel ; and  the  effect  is,  that  the 
wheel  and  cylinder  to  which  it  is  at- 
tached, are  suffered  to  revolve  in  that 
direction  in  which  the  weight  is  raised, 
but  are  not  permitted  to  revolve  in  the 
other  direction.  So  that  the  weight  can 
never  descend  unless  the  bolt  H be  pre- 
vented from  acting  on  the  wheel  (r  D. 
By  such  an  apparatus  the  action  of  the 
power  may  be  suspended  at  pleasure, 
and  yet  the  effects  of  its  past  action 
maintained. 


Digitized  by  Google 


MECHANICS.  *3 


(53.)  There  are  varioiu  ways  inwhieh 
Uie  power  is  applied  to  the  wheel ; and 
the  weight  suspended  by  the  rope  which 
we  have  used  is  only  to  be  understood 
as  a general  representation  of  the  me- 
chanical effect  of  the  power,  however  it 
be  applied. 

Sometimes  pins  are  placed  at  equal 
distances  round  the  circumference  of 
the  wheel,  by  which  the  hand  may  be 
applied  as  the  power.  (See/ig.  33.)  An 
instance  of  this  manner  of  applying  the 
power  will  be  seen  in  the  wh^  used  to 
work  the  rudder  of  a ship. 

Sometimes  there  is  no  wheel,  but  a 
number  of  long  levers  are  inserted  in 
the  axle,  and  diverge  from  it  like  spokes 
from  the  box  of  a wheel,  and  the  opera- 
tor moves  the  axle  by  these  levers.  (See 
Jig.  35.) 

Frequently,  as  in  the  windlass,  there 
is  not  either  a wheel  or  diverging  .spokes, 
but  simply  holes,  in  which  the  workman 
inserts  tlie  end  of  a strong  bar  of  con- 
siderable length,  by  which,  as  a lever,  he 
turns  the  axle  and  raises  the  weight. 
He  removes  the  bar  as  he  works,  from 
one  hole  to  another,  the  weight  being 
sustained  by  the  action  of  the  ratchet- 
wheel  in  the  interim. 


The  windlass  is  frequently  w rought 
by  a winch,  as  represented  in  Jig.  34. 


The  cylinder  is  fixed  upon  the  axle  A B, 
and  at  right  angles  to  this  axle  a lever 
B O is  fixed,  and  from  O another  arm 
O D extends,  to  w hich  the  hands  of  the 
operator  are  applied.  By  means  of  this 
simple  contrivance,  the  operator  can 
work  upon  the  machine  through  the 
entire  of  each  revolution,  although  not 
in  every  part  with  equal  effect.  In  this 
case  the  ratchet-wheel  is  less  necessary 
than  in  any  of  the  former. 

(54.)  Tlie  axle  is  sometimes  horizon- 
tal and  sometimes  vertical.  In  the  wind- 


laxa  it  is  horizontal,  also  in  most  kinds  of 
cranes.  In  the  35.)  it  is  ver- 

tical. The  advantage  of  its  vertical  posi- 
tion in  the  capstan  is  very  evident  The 


worgmen  insert  levers  in  holes  made  to 
receive  them,  and  walk  round  the  axle, 
pushing  the  levers  before  them.  In  this 
manner  a great  number  of  men  may 
work  together,  and  there  is  no  intermis- 
sion of  the  power  even  when  different 
men  succeed  each  other. 

(55.)  When  several  forces  act  at  the 
same  time  at  different  parts  oi  the  cir- 
cumference of  the  same  wheel,  and  all 
perpendicular  to  the  radii,  their  com- 
bined effect  is  to  be  estimated  in  the 
same  manner  as  if  they  all  acted  at  tlie 
same  point. 

But  if  they  act  with  diflferent  levers, 
each  power  is  to  be  multiplied  by  the 
lever  by  whii'h  it  acts,  and  the  sum  of 
these  products  is  to  be  taken  as  the 
total  erfret.  (10.) 

(56.)  In  estimating  the  effect  of  the 
resistance  or  weight  when  the  rope  bf 
which  it  acts  has  any  considerable 
thickness,  half  the  thickness  of  the  rope 
is  to  be  considered  as  a part  of  the  ra- 
dius of  the  cylinder,  as  the  force  is 
considered  to  be  transmitted  through 
the  centre  or  axis  of  the  rope. 

Tlie  same  may  lie  said  ot  the  power, 
when  it  acts  by  a rope  of  any  consi- 
derable thickness. 

(57.)  In  order  to  determine  the 
strength  necessary  to  be  given  to  the 
pivots  which  support  the  wheel  and 
axle,  it  is  necessary  to  determine  the 
pressiu  cs  to  which  tney  are  liable. 

If  the  axle  be  horizontal,  the  weight  of 
tlie  machine  will  press  upon  the  pivots ; 
and  if  its  centre  of  gravity  be  equally 
distant  from  the  pivots,  its  pressure  will 
be  eriually  distrilmted  between  them, 
half  the  weight  of  the  machine  pressing 
upon  each  pivot.  If,  however,  the  axis 
be  vertical,  the  whole  weight  will  test 
on  the  point  of  the  lower  pivot. 
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The  manner  in  which  the  pressures  of 
the  power  and  vveiclit  are  divided  be- 
tween llie  pivots,  nia)’  be  determined  by 
the  prineiples  established  in  Chap.  iii. 
By  t^  lose  principles  it  appears,  that  tJie 
pressures  of  the  power  and  weight  are 
divided  respectively  between  the  pivots 
in  the  inverse  proportion  of  their  dis- 
tances from  them ; that  is,  the  part  of  the 
weight  or  power  which  presses  on  the 
one  pivot,  is  to  the  part  which  presses 
on  the  other  as  the  distance  of  the 
weight  or  power  from  the  latter  pivot  is 
to  its  distance  from  the  former. 

In  this  investigation  it  should  be  re- 
membered, that  we  do  not  consider  the 
machine  as  in  motion,  but  merely  that 
the  power  sustains  the  weight. 

(58.)  In  the  simple  wheel  and  axle, 
whatever  be  its  form  or  peculiarity,  its 
mechanical  depends  on  the  ratio 

of  tlie  radius  of  the  wheel  to  the  radius 
of  the  axle,  or,  to  speak  more  gene- 
rally, the  length  of  the  lever  by  which 
the  power  acts,  to  the  radius  of  the 
cylinder  on  which  the  rope  which  raises 
the  weiglit  is  coiled.  There  are  then 
two,  and  only  two,  ways,  in  which  this 
efficacy  may  l>c  increased ; viz.  by  in- 
creasing the  leverage  of  the  power,  or 
by  <limmishing  the  radius  of  the  cylin- 
der which  supports  the  weight.  Now, 
although,  in  a theoretical  view,  there  is 
no  limit  to  our  power  of  increasing  this 
efficacy,  since  wc  can  conceive  the  le- 
verage of  the  power  increased  without 
limit,  or  the  thickness  of  Ihc  cylinder 
diminished  without  limit,  yet  there  is  a 
practical  limit  to  the  increase  of  the 
mechanical  efficacy  of  this  engine. 

If  we  attempt  to  increase  this  efficacy 
by  giving  to  the  power  a considerable 
leverage,  the  machine  will  ^come  un- 
wieldy ; the  power  will  work  through  a 
most  inconveniently  great  space,  and 
the  practical  disadvantages  which  will 
arise,  will  more  than  counterbalance  any 
thing  which  can  be  gained  by  the  in- 
creased power. 

If,  on  the  other  hand,  we  attempt  to 
increase  the  efficacy  by  diminishing  the 
tliickness  of  the  axle,  wc  diminish  the 
strength  of  that  part  of  the  machine 
which  must  support  the  weight ; and 
the  cases  in  whicn  this  great  efficacy  is 
required  are  precisely  those  cases  in 
which  the  greatest  weights  are  to  be 
raised,  or  resistances  to  be  overcome, 
and,  Iheretore,  where  the  greatest 
streng^  in  those  parts  of  the  machine 
on  which  the  weignt  or  resistance  acts 
are  indispensably  necessary. 


In  cases,  tlierefore,  where  great  re- 
sistances arc  to  be  overcome,  it  is  a 
problem  of  considerable  importance  to 
assign  a method,  by  which,  without 
rendering  the  machine  more  complex, 
sufficient  strength  may  l>e  presen  ed  by 
preserving  the  thickness  of  the  axle,  the 
machine  may  not  be  rendered  unwieldy 
by  increasing  very  much  the  leverage  (>f 
the  power,  and  a high  degree  of  power 
may  be  gained. 

(59.)  All  these  ends  are  attained  by  the 
simple  modification  of  the  wheel  and 
axle  in  pg,  36.  The  axle  or  cylinder 


Fig.  36. 


A B consists  of  two  parts,  the  diameter 
of  one  part  being  less  than  that  of  the 
other.  A wheel  and  block  C is  attached 
to  the  weight,  and  round  the  wheel  the 
rope  which  elevates  the  weight  is 
passed,  and  is  coiled  in  the  same  direc^ 
tion  on  the  thicker  and  thinner  parts  of 
the  axle.  The  elevation  of  the  weight 
is  thus  effected  : upon  turning  the  axle 
in  such  a direction  that  the  rope  shall 
be  coiled  upon  the  thicker  part,  it  w ill 
necessarily  be  rolled  off  the  tliinner 
part.  Upon  every  revolution  of  \ht 
wheel,  therefore,  a portion  of  the  rope 
equal  to  the  circumference  of  the  thicker 
part  will  he  drawn  up;  but,  at  the  same 
time,  a portion,  equd  to  Uie  circum- 
ference of  the  thinner  part,  w ill  be  iei 
doitti.  On  the  whole,  therefore,  the 
effect  of  one  revolution  will  be  to 
shorten  the  entire  length  of  that  part  of 
the  rope,  by  which  the  weight  is  sus- 
pended, by  a length  equal  to  the  differ- 
ence between  the  circumferences  of  the 
thicker  and  thinner  parts  of  the  axle  ; 
consequently,  half  tfiat  portion  of  the 
roi)e  will  be  shortened  by  half  the  dif- 
ference between  these  circumferences. 
But  half  that  part  of  the  rope  by  which 
the  w'eight  is  suspended,  is  evidently 
eaual  to  the  distance  of  the  wheel  to 
which  the  weight  is  attached  from  the 
cylinder.  Hence,  we  perceive  that  every 
revolution  of  the  cylinder  raises  the 
weight  through  a space  equal  to  half 
the  difference  between  the  circura- 
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ferences  of  the  tliickcr  and  thinner  parts 
of  the  axle. 

To  determine  the  conditions  of  equi- 
librium in  this  engine,  we  shall  refer  to 
Fig.  37. 


fig-  37,  which  is  a section  of  the  appa- 
ratus taken  perpendicular  to  the  cylin- 
der, of  which  C is  the  centre,  C B the 
radius  of  the  thinner  and  C A of  the 
thicker  part,  and  C D the  lever  by 
which  the  power  P acts.  As  the  weight 
W hangs  from  the  rope,  which  msses 
round  the  wheel  E F,  the  parts  E B and 
F A of  the  string  are  equuy  concerned 
in  supporting  the  weight ; and,  conse- 
quently, half  the  weight  is  the  force 
which  hangs  from  each  part  of  the 
string.  If,  then,  the  lever  by  which 
the  power  acts  be  R,  and  that  r be  the 
radius  C A,  and  p be  C B,  the  condition 
of  equilibrium,  conformably  to  the  prin- 
ciple laid  down  in  (1 0),  is 

P X R + 4 W X r'  = 4 W X r; 
that  is,  if  the  power  be  multiplied  by  its 
leverage,  and  half  the  weight  by  the  ra- 
dius M the  thinner  part  of  the  cylinder, 
and  these  two  products  be  added  toge- 
ther, their  sum  will  be  equal  to  the  pro- 
duct found  by  multiplying  half  the 
weight  by  the  radius  of  the  thicker  part 
of  the  cylinder.  Or,  what  amounts  to 
the  same  thing,  we  have, 

PxR  = 4Wxr-4Wxr', 
orPxR=Wx4  (r— rO ; 
that  is,  the  power  multiplied  by  the 
lever  by  which  it  tcorhi  i>  equal  to  the 
weight  multiplied  by  half  the  difference 
of  the  radii  of  the  thicker  and  thinner 
parte  of  the  ^linder. 

This  condition  may  also  be  expressed 
thus : the  weight  ie  to  the  power,  ae  the 
iever  by  whim  the  power  wbrhe  ie  to 
h^  the  difference  of  the  radii  of  the  cy- 
lievier;  i.  e. 

W i P : s R t 4 (r  - rO. 


From  considering  this  condition,  It  is 
plain  that,  where  tlie  mechanical  effi- 
cacy depends  on  the  proportion  of  the 
lever  of  the  power  to  half  the  differ- 
ence of  tlie  radii  of  the  cylinder,  this 
efficacy  may  be  increasetl,  without  any 
limit,  by  merely  diminishing  the  diffe- 
rence of  the  radii  of  the  cylinder,  with- 
out either  increasing  the  leverage  of 
the  power  or  diminishing  the  tliickness 
of  the  cvlinder.  Thus,  by  this  contri- 
vance, the  power  will  act  through  a 
convenient  space ; there  will  be  nothing 
unwieldy  in  the  construction  of  the 
apparatus ; and  all  the  requisite  thick- 
ness and  strength  may  be  given  to  the 
cylinder. 

A capstan,  constructed  upon  the 
same  principle,  is  represented  in y!g.  38. 


A great  advantage  attending  this  ma- 
chine is,  that  there  is  no  recoil  upon  the 
weight  upon  the  remission  of  the  power, 
and,  therefere,  the  use  of  the  ratchet^ 
wheel  and  catch  (i7)  is  superfluous. 

Almost  the  only  disadvantage  attend- 
ing it  is,  that  aeonsiderable  q^uantity  of 
rope  is  requisite  to  raise  the  weight 
through  a very  small  height ; but  still 
much  less  than  what  is  requisite  in  any 
machine  of  the  same  power  in  which 
rope  is  employed. 

Dr.  Grej;oiy  states,  that  although 
this  invention  is  generally  ascribed  to 
George  Eckhardt,viho  probably  invented 
it  without  being  aware  that  it  had  been 
reviously  used ; yet  that  there  is  a 
gurc  of  it  in  some  Chinese  drawing, 
more  than  a century  old,  from  which 
Dr.  Gregory  took  the  sketch,  fig.  36. 
See  Gregory'e  Mechanice,  vol.  ii.  p.  3. 

(60.)  The  principle  of  varying  the 
diameter  of  the  cyhnder  while  the  le- 
verage of  the  power  remains  unvaried, 
is  sometimes  used  to  accommodate  an 
uniform  power  to  a varying  resistance. 
We  may  state  this  principle  still  more 
generally.  If  a power,  varying  under 
any  given  conditions,  be  required  to 
overcome  a resistance  which  varies  ac- 
cording to  some  other  given  conditions, 
the  one  may  always  be  accommodated 
to  the  other  by  producing  a variation  in 
the  leverage  by  which  one  or  both  acta. 


I . . 
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■t’hich  will  modify  the  effect  of  the  power 
10  as  to  make  it  conformable  to  the  va- 
riation in  the  resistance  to  be  overcome. 

This  will  ))robiiblj  be  better  under- 
stood by  an  example.  Suppose  that  the 
pi>wer  is  a s])iral  spring  of  tempered  steel, 
(/g.  39.)  placed  in  a barrel  A,  </".  40.) 


to  which  one  end  of  the  spiral  spring  is 
fixed,  while  the  other  end  is  attached 
to  the  axis  on  which  the  barrel  A re- 
volve.s.  A chain  is  coiled  round  the 
barrel  A,  one  end  of  which  Ls  fix^ 
on  the  barrel,  and  the  other  end  is 
attached  to  a fusee  B,  which  is  a coni- 
cal figure,  also  capable  of  turning  on 
an  axle,  and  on  which  a spiral  channd 
or  thre.ad  is  cut  to  receive  the  chain  after 
it  has  been  rolled  off  from  tlie  barrel  A. 
Let  us  suppose  that  the  resistance, 
whatever  it  be,  is  uniform,  and  that  it 
•s  applied  to  the  axle  of  the  fusee,  or  to 
r wheel  connected  with  that  axle ; and 
that  when  the  chain  is  rolled  npon  the 
spiral  thread  of  the  fusee,  the  spring 
within  the  barrel  A is  stretched  to  its 
utmost  intensity.  It  is  this  which  gives 
the  barrel  \ a tendency  to  recoil,  which 
tendency  is  communicated  by  the  chain 
to  the  fusee  B,  and  acts  in  turning  the 
fusee  by  the  leverage  of  the  highest  part 
of  the  conical  figure.  With  this  leverage 
tlie  tension  of  the  chain  acts  upon  the 
resistance,  and  its  effect  is  to  be  esti- 
mated by  multiplying  the  tension  of  the 
chain,  or,  wliat  is  the  same,  the  inten- 
sity of  the  spring,  by  the  radius  of  that 
part  of  the  cone  on  which  the  chain 
acts.  As  the  fusee  revolves,  and  the 
chain  rolls  the  fusee  B and  on  the 
bairel  A,  the  spring  gradually  loses  its 
intensity  ; and  consequently  the  tension 
by  which  the  chain  acts  upon  the  fusee 
is  gradually  diminished,  while  the  re- 
sistance to  be  overcome  by  that  tension 
remains  the  same.  It  is,  however,  to  be 
considered,  that  as  the  chain  is  rolled 
off  the  fusee,  the  part  on  which  it  acts, 
coming  nearar  to  the  base  of  the  cone. 


becomes  constantly  thicker.  Thetensiott 
of  the  string,  therefore,  acts  by  a con- 
stantly increasing  leverage,  and  there- 
fore witli  a constantly  increasing  me- 
chunical  efficacy.  Now,  the  tapering 
form  given  to  the  cone  may  evidently 
be  so  regulated,  that  the  advantage 
which  is  gained  by  the  mwdually  in- 
creasing leverage,  by  which  the  tension 
of  the  string  acts  upon  the  fusee,  shall 
be  exactly  equal  to  that  which  is  lost  by 
the  gradually  decreasing  intensity  of  the 
spring ; so  that  these  two  opposite  ef- 
fects producing  a mutual  compensation, 
an  uniform  action  upon  the  resistance 
will  be  the  result. 

An  instance  of  the  application  of  this 
beautiful  principle  vrill  be  seen  in  the 
construction  of  a watch. 

Chapter  VII.  — Complex  Wheel- 
work— Force  transmitted  by  Friction 
— Stnqts—  Tooth  and  Pinson—Shapt 
of  Teeth  — their  number  — Lantern 
and  Trundles— Spur,  Croum,  and 
beveled  Gear. 

(61.)  It  does  not  always  happen  that 
the  end  to  be  accomplished  can  be  at- 
tained with  convenience  by  the  simple 
wheel  and  axle ; and  it  fiwquently  be^ 
comes  neoes.sary  to  transmit  the  effect 
of  the  power  to  the  resistance,  through 
a system  of  wheels  and  axles  mutually 
acting  upon  each  other.  As  the  wheel 
and  axle  is  only  a modification  of  the 
lever,  so  a system  of  such  machines 
acting  one  upon  another  is  only  another 
form  of  the  compound  lever,  and  the 
conditions  of  equilibrium  are  exactly 
the  same  in  botli. 

In  complex  wheel-work,  the  power  is 
appUed  to  the  circumference  of  the  first 
wbeel,  which  transmits  its  effect  to  the 
circumference  of  the  first  axle.  This 
circumference  is  made  to  act,  by  various 
means,  which  we  shall  presently  explain, 
upon  the  circumference  of  the  second 
w heel,  which  again  transfers  the  effect 
to  the  circumference  of  the  second  axle, 
which  acts  upon  the  circumference  of 
the  third  wheel,  and  this  in  the  same 
way  transmits  the  effect  to  the  circum- 
ference of  the  tliird  axle ; and  thus  the 
transmission  of  the  force  is  continued, 
until  it  hat  arrived  at  the  circumference 
of  the  last  axle  to  which  the  weight  or 
resistance  is  applied. 

Each  separate  wheel  and  axle  being  a 
lever,  the  effect  of  such  a combination 
as  we  have  described  is  the  same  as  Uiat 
of  a seties  of  levers,  whose  longer  aims 
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are  respectively  equal  to  the  radii  of  the 
several  wheel'i,  and  whose  shorter 
arms  are  equal  to  the  radii  of  the 
several  axles,  ami  therefore  the  con- 
dition of  equilibrium  is  that  the  power 
multiplied  by  the  product  of  the  radii 
of  all  the  wheels  is  equal  to  the  weight 
multiplied  bv  the  railii  of  all  the  axles. 
Thus  if  R,  k',  K"  lie  the  radii  of  the 
wheels,  and  r,  r',  r"  those  of  the  axles, 
we  have 

P X R H'  R"  = W X r r". 

(62.)  Tlie  force  of  these  ohservations 
will  more  readily  appear,  by  consider- 
ing the  combination  of  wheels  and  axles 
in /if;.  41.  Tlie  radius  of  the  wheel 
on  which  the  power  acts  being  R,  and 

Fig.  41. 


that  of  the  axle  r,  it  is  equivalent  to  a 
lever  of  the  first  kind,  whose  fulcrum  is 
its  centre.  The  first  axle  acts  on  the 
circumference  of  the  second  wheel  with 
the  leverage  of  its  radius  r,  and  the 
second  wheel  is  also  a lever  of  the  first 
kind,  the  fulcrum  being  the  centre.  The 
radius  r of  the  first  acts  upon  the  radius 
R'  of  the  second  wheel,  which  depresses 
the  radius  r>  of  the  second  axle,  and 
thereby  depresses  the  radius  R"  of  the 
third  w heel,  which  rai.ses  the  radius  r" 
of  the  third  axle,  and  thereby  raises  the 
weight. 

(63.)  In  this  case  the  wheels  and 
axles  are  supposed  to  work  by  the  fiic- 
tion  of  their  surfaces.  In  light  work, 
where  the  pressiu-e  on  the  machinery  is 
not  very  considerable,  this  method  of 
connecting  the  wheel-work  is  often 
adoiited  with  advantage.  The  fiiction 
of  the  surfaces  is  increased  by  cutting 
the  wood  so  that  the  grains  of  the  sur- 
faces in  contact  shall  run  in  opposite 
iirections.  Also  by  glueing  upon  the 
surfaces  of  the  wheels  and  axles  buffed 
leather.  A saw-mill  in  which  the 
w heels  act  by  fiiction  has  been  used  at 
Mr.  Taylor's,  of  Southampton,  for 
nearly  twenty  years,  and  is  found  to 
work  well. 

(64.)  There  are,  however,  other  ways 
of  transmitting  the  force  of  each  axle 


to  the  cirenmference  of  the  succoring 
wheel.  A very  common  method  is  by 
ropes  or  »tra]is  passing  round  th  ■ cir- 
cuinlerem  es  of  the  w heel  and  axle,  v.  Iiich 
act  one  upon  the  other.  The  action  is 
in  this  manner  transmitted  by  the  ten- 
sion of  the  rope  or  strap,  and  rendered 
effective  by  friction  witn  the  circumfe- 
rences on  which  it  is  rolled.  This 


method  of  connecting  wheels  and  axles 
is  represented  in  fg.  42.  When  the 
wheel  and  the  axle  from  which  it  re- 
ceives motion  are  intended  to  revolve 
in  the  same  direction,  the  strap  is 
not  crossed,  but  applied  as  between 
the  axle  R and  the  wheel  6.  But  when 
the  wheel  is  to  revolve  in  a direction 
contrary  to  the  revolution  of  the  axle, 
the  strap  is  crossed  as  between  the 
axle  D and  the  wheel  F.  'Iliis  latter 
method  of  applying  the  strap  has  the 
advantage  of  having  more  surface  to 
act  upon,  and  therefore  having  more 
friction. 

(65.)  But  by  far  the  most  usual  way 
of  transmitting  the  action  of  the  axles 
to  the  succeeding  wheels,  is  by  means 
of  teeth  or  cogs  raised  on  their  surfaces. 
When  this  is  the  case,  the  cogs  on  the 
surface  of  the  wheel,  are  generidly  called 
teeth,  and  those  on  the  surface  of  the 
axle  are  called  lemet ; the  axle  itself  is 
in  this  case  called  a pinion. 

As  the  learet  of  the  pinion  succes- 
sively pass  between  the  teeth  of  the 
wheel,  they  are  perfectly  equal  atrd 
similar  to  them.  Hence  the  circum- 
ferences of  the  wheels  and  pinions  are 
proportional  to  their  respective  numliers 
of  teeth  and  leave* ; and  since  the  cir- 
cumferences are  ns  the  radii,  it  follows, 
that  the  numbers  of  teeth  or  leaves  are 
proportional  to  the  radii.  Hence,  in 
the  condition  of  equilibrium  determined 
in  (61.).  we  substitute  the  number  of 
teeth  and  leaves  for  the  radii  of  the 
wheels  and  axles.  Thus,  then,  the  con- 
dition of  equilibrium  is,  that  the  power 
multiplied  by  the  product  of  the  num 
bers  of  teeth  in  all  the  wheels  is  equal 
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to  the  weight  multiplied  by  the  product 
of  the  number  of  leaves  in  u the  pinions. 
Or,  if  N,  N',  N"  be  the  nunibers  of 
teeth  in  the  several  wheels,  and  n,  n',  n" 
the  numbers  of  leaves  in  all  the  pinions, 
the  condition  of  equilibrium  is 
P X N N'  N"  = VV  X n 71'  n«. 

A system  of  tooth  and  pinion-work 
is  represented  in  A?.  43.  In  this  case  the 


Fig.  43. 


power  acts  upon  the  first  wheel  by  a 
rope ; but  in  submitting  it  to  the  above 
condition  of  equilibrium,  it  is  only  ne- 
cessary to  calculate  how  msmy  teeth  the 
circumference  would  contain,  and  use 
that  number  in  the  condition. 

(66.)  It  will  be  easy  to  show,  that 
complex  wheel-work  obeys  the  law  of 
virtual  velocities  (5) ; for  since  the 
teeth  are  equal,  the  circumference  of 
each  wheel  moves  with  the  same  velo- 
city as  that  of  the  circumference  of  the 
pinion  by  which  it  is  driven,  which  is 
equally  evident  if  tl^  be  connected  by 
straps  or  work  by  friction.  Now,  since 
each  wheel  revolves  in  the  same  time  with 
its  axle,  the  velocities  of  their  circum- 
ferences are  as  their  circumferences,  or, 
what  is  the  same,  as  their  radii  or  num- 
ber of  teeth.  Hence,  the  velocity  of  the 
power,  or  the  velocity  of  the  circumfer- 
ence of  the  first  wheel,  is  to  that  of  the 
first  axle  as  their  radii.  But  the  velo- 
city of  the  circumference  of  the  first  axle 
is  equal  to  the  velocity  of  the  circum- 
ference of  the  second  wheel,  which  is  to 
that  of  the  second  axle  as  their  radii ; 
and  W continuing  this  reasoning,  we 
shall  find  that  the  velocity  of  the  power 
is  to  that  of  the  weight,  as  the  product 
of  the  radii  of  the  wheels  to  the  pro- 
duct of  the  radii  of  all  the  axles ; and, 
therefore,  that  the  power  multiplied  by 
tlie  velocity  of  the  power  is  equal  to  the 
weight  multiplied  by  the  velocity  of  the 
weight. 

This  will  oe  better  understood  by  an 
example.  Let  the  number  of  teeth  in 
the  first  wheel  be  100,  and  the  leaves  in 
the  first  pinion  0 ; and  let  the  teeth  in 


the  second  and  third  wheels  be  130  and 
130,  and  the  leaves  in  the  re.spective 
pinions  be  7 and  1 1 . The  velocity  of  the 
circumference  of  the  first  whed  being 
expressed  by  1,  that  of  the  circum- 
ference of  the  second  wheel  will  be 
'This  velocity  is  to  that  of  the  circum- 
ference of  the  second  pinion  or  third 
wheel,  as  120  is  to  7 ; and  therefore  the 
velocity  of  the  circumference  of  the 

third  wheel  is  , ^ ■.  Agun,this 

too  X 120 

velocity  is  to  that  of  the  circumferen^ 
of  the  last  axle  as  130  to  II.  This 

velocity  is  therefore 

which  verifies  what  we  have  just  ad- 
vanced. 

(67.)  In  the  construction  of  wheel- 
work  considerable  attention  ou^t  to  be 
paid  to  their  shape,  as  much  of  the 
efficiency  and  permanency  of  the  work 
depends  on  this.  Suppose  that  the 
teeth  were  found  as  in/g.  44.  The  tooth 


Fig,  44. 


a & in  driving  a'  b'  would  be  moved 
round  the  centre  C,  in  a direction  per- 
pendicular to  Cab,  and  would  there- 
fore press  on  the  tooth  a'  i'  obliquely  to 
the  radius  C'  a'  6' ; whereas,  to  produce 
the  best  effect,  the  pressure  should  be 
directed  perpendicularly  to  that  radius. 
Besides  this,  the  whole  pressure  of  the 
wheel  is  thrown  upon  one  tooth,  by  which 
the  chances  of  fracture  are  much  in- 
creased, and  the  wear  materially  aug- 
mented. Another  defect  which  appears 
manifest  is,  that  during  the  motion  the 
direction  of  the  pressme  of  a on  o'  i'  is 
constantly  changii^  while  the  teeth  are 
in  contact ; and  since  the  leverage  by 
which  the  wheel  C is  turned  by  aba 
therefore  variable,  it  is  turned  with  an 
unequable  force.  In  the  motion,  the 
comer  of  the  tooth  a b scrapes  or  rubs 
the  surface  of  the  tooth  a'  b' ; and  the 
machine  suffers  a jolt  when  the  tootli 
a b‘,  finally  slipping  from  the  tooth  a’l/, 
falls  into  the  angle  formed  at  the  point 
where  the  tooth  o'  b’  springs  fixjm  the 
circumference  of  the  wheel. 
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The  teeth  should,  therefore,  be  so 
formed  as  to  remove  these  defects ; for 
which  purpose  it  would  be  necessary 
that  th^  should  act  in  such  a manner, 
that, 

1*/.  The  teeth  of  one  wheel  should 
press  in  a direction  perpendicular  to  the 
radius  of  the  other  wheel ; or,  in  other 
words,  the  pressure  should  be  tangential 
to  the  wheel  which  is  driven. 

2d.  As  many  teeth  as  possible  should 
be  in  contact  at  the  same  time,  in  order 
to  distribute  the  pressure  amongst  them, 
and  thereby  to  diminish  the  pressure 
upon  each  tooth.  This  arrangement  will 
duninish  the  wear,  and  the  chances  of 
fracture. 

3rd.  During  the  entire  action  of  one 
tooth  upon  another,  the  direction  of  the 
pressure  should  be  tlie  same,  in  order 
that,  acting  with  the  same  leverage,  the 
effect  may  be  uniform. 

4th.  The  surfaces  of  the  teeth  in  work- 
ing should  not  rub  one  upon  another, 
and  should  suffer  no  jolt  cither  .at  the 
commencement  or  termination  of  their 
mutual  contact. 

Various  forms  have  been  suggested 
for  the  teeth,  with  a view  to  the  accom- 
plishment of  some  or  all  ofthese  advan- 
tages ; but  that  which  seems  best  calcu- 
lated to  attain  the  desired  ends  is  the 
following ; 

Suppose  that  F H l,/ig.4i,  is  the  cir- 
cumference of  the  wheel  on  which  it  is 
proposed  to  raise  teeth,  and  let  H 


Fig.  45. 


be  one  of  the  points  from  which  the  side 
of  a tootli  is  to  spring.  Suppose  a 
string  is  attached  to  the  circumference 
of  die  wheel  as  at  I.  and  applied  to  the 
circumfrrence  I F,  and  terminated  ot 


H carryii^  a pencil  at  its  extremity. 
Let  the  string,  being  constantly  stretched 
tight,  be  rolled  off,  so  that  that  part  of 
it,  F C,  which  has  been  at  any  time  dis- 
engaged from  the  circumference  of  the 
wheel  shall  be  in  a straight  line,  touch- 
ing the  circumference  at  F,  and  in  this 
way  let  the  pencil  describe  the  curve* 
H C g.  Let  a H be  the  breadth  of  the 
tooth  at  the  circumference  of  the  wheel ; 
and  attaching  a string  in  like  manner  to 
the  other  side  of  tlie  wheel,  and  rolling 
it  on  in  the  opposite  direction,  so  that 
its  extremity  bearing  the  pencil  shall  be 
at  a,  let  a similar  curve  lie  described. 
These  two  curves  will  include  a space 
which  will  represent  the  form  of  a tooth 
which  will  accomplish  ail  the  purposes 
and  possess  all  the  advantages  we  have 
mentioned. 

The  teeth  of  tlie  pinion,  of  coiu^,  arc 
to  be  formed  in  the  same  manner. 

It  is  a remarkable  property  of  these 
curves  that  a line  FE  which  touches 
both  circles  will  pass  through  the  point 
of  contact  of  the  teeth,  and  not  only  of 
one  pair  of  teeth,  but  of  every  jiair 
which  are  in  contact : and  this  line  will 
be  perpendicular  to  the  direction  of  the 
surfaces  of  the  teeth  at  the  point  of 
their  mutual  contact.  Thus  the  pres- 
sure of  the  pinion  on  the  wheel  is  ex- 
erted tangentially  to  both,  and  therefore 
acts  always  with  the  same  leverage  and 
to  the  greatest  advantage. 

Further,  during  the  whole  period  of 
the  contact  of  any  two  tectli,  the  pressure 
acts  in  the  same  direction  and  with  the 
same  force,  and  therefore  when  if  is 
uniform,  it  necessarily  produces  an 
uniform  effect. 

During  the  motion,  the  surface  of  one 
tooth  docs  not  rub  or  icrape  against  the 
surface  of  the  other,  but  the  one  roUt 
upon  the  other,  thereby  removing 
nearly  all  the  effects  of  friction,  rnd 
diminishing  considerably  the  wear  of 
the  machinery,  and  the  waste  of  the 
power. 

Several  teeth  arc  in  contact  at  tlie 
same  time,  and  all  working  with  equal 
power,  so  that  the  stress  is  equally  dis- 
tributed among  them,  and  the  chances 
of  fi'acture  are  greatly  diminished. 

Tims  this  form  of  tooth  has  all  the 
advantages  wtiich  can  be  desired. 

(68.)  In  r^idating  the  numlier  of 
teeth  in  tlie  wheel  and  the  pinion  w hi  ih 
works  it,  it  should  be  so  conn  ived  tliat 
the  same  teeth  should  be  engaged  as 
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seldom  as  possible,  in  order  to  avoid 
inequality  ot  wear.  For  example,  let  us 
suppose  that  the  number  of  teeth  in  a 
wheel  were  exactly  ten  times  the  num- 
ber of  leaves  in  the  pinion  ; each  leaf  in 
the  pinion  would  engage  every  t“nth 
tooth  of  the  wheel,  and  would  work  in- 
evitably on  the  same  leu  teeth  every 
revolution  of  the  wheel.  If  it  were 
possible  that  ah  the  tcctli  and  leaves 
could  be  constructed  with  mathematics 
precision,  and  perfect  and  absolute  si- 
militude, and  that  no  accidental  diffCT- 
ence,  owing  to  any  want  of  uniformity 
in  the  material  of  which  they  are 
formed,  could  exist,  this  would  be  a 
matter  of  no  consequence,  and  the 
wear  would  still  be  even  and  equable. 
But  as  these  perfections  never  can  exist, 
the  inevitable  inequalities  incident,  as 
well  to  the  nature  of  the  material  ol  w hich 
wheels  are  constructed  as  to  the  forms 
they  derive  even  from  the  most  perfect 
mechanical  construction,  must  be  com- 
pensated by  making  the  teeth  and  leaves 
work,  so  Oiat  each  leaf  shall  succes- 
sively engage  with  all  the  other  teeth  of 
the  wheel  before  it  engages  a second 
time  with  any  one  of  them. 

This  is  accomplished  by  making  tlie 
number  of  teeth  and  the  number  of 
leaves  prime  to  each  other,  that  is,  such 
that  no  integer  divides  both  exactly. 
The  manner  in  which  tliis  is  commonly 
done,  is  by  making  the  number  of  teeth 
such,  that  it  is  just  one  more  than  a 
number  which  is  exactly  divisible  by  the 
number  of  leaves.  This  is  what  mill- 
wrights call  making  a htmting  cog. 
Thus,  suppose  that  there  are  ten  leaves, 
and  that  the  diameter  of  the  wheel  is 
about  six  times  that  of  tlie  pinion.  If 
tliis  were  the  exact  ratio,  there  would  be 
just  sixty  teeth,  and  after  each  revolu- 
tion of  the  wheel  the  same  tcetli  and 
leaves  would  be  continually  engaged, 
each  leaf  taking  every'  sixth  tooth.  But 
if  the  diameter  of  the  wheel  be  made 
somew  hat  greater  than  six  times  that  of 
the  pinion,  so  as  to  admit  sixty-one 
teeth ; tlien,  after  six  revolutions  of  the 
pinion,  the  first  leaf  will  be  engaged 
with  the  tooth  immediately  before  that 
in  which  it  had  worked  at  tlie  com- 
mencement, and  after  six  more  revolu- 
tions it  will  be  engaged  with  the  tooth 
before  that,  or  the  second  tootli  from 
that  at  which  the  motion  commenced. 
Thus,  it  is  evident,  that  the  wheel  must 
revolve  G1  times,  and  the  pinion  G x 61, 
or  30G  times  before  the  same  teeth  will 
be  again  engaged.  By  these  means,  the 


inequalities  of  wear  arising  from  in- 
equalities of  form  and  material  will 
compensate  each  other. 

(G9.)  The  teeth  of  the  wheel,  instead 
of  working  in  the  leaves  of  a pinion,  are 
made  to  act  upon  a form  of  wheel  called 
a lantern,  as  represented  at -1 6.  Tlic 


cylindrical  teeth  or  bars  of  the  lantern 
are  called  truruites  or  spindles.  How- 
ever, notwithstanding  the  various  forms 
of  wheel-work,  the  principles  which  we 
have  already  explained  will  always  de- 
termine the  relation  between  the  power 
and  resistance. 

(7U.)  Wheels  arc  denominated  spur, 
croirn,  or  bevel  gear,  according  to  the 
position  or  direction  of  the  teeth.  If 
the  teeth  be  pei^ndicular  to  the  axis 
of  the  w heel,  and  in  the  direction  of  radii, 
as  in  the  wheel  E,  fig.  46.  it  is  called  a 
spur  wheel.  If  the  tectli  be  panUlel  to 
tlie  axis  of  the  wheel,  and  therefore  per- 
pendicular to  its  plane,  it  is  called  a 
crown-wheel.  Two  spur-wheels,  or  a 


spur-wneel  and  pinion  which  work  in 
one  another,  are  always  in  the  same 
plane,  and  liavc  their  axis  parallel. 
But  when  a spur  and  crown-wheel  are 
in  connection,  their  planes  and  axis  are 
at  right  angles.  By  this  means,  there- 
fore, rotatory  motion  may  be  transferred 
from  a horizontal  to  a vertical  plane,  or 
vice  rersi. 

When  the  teeth  are  oblique  to  the 
plane  or  axis  wheel,  it  is  called  a 
bevelled-wheel.  Two  wheels  of  this 
kind  are  represented  in  fig.  48.  In  this 
case,  the  surfaces  on  which  the  teeth  are 
raised  are  parts  of  the  suifaces  of  two 
cones.  The  manner  in  which  these 
wheels  act,  and  the  piinciples  on  which 
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Pig.  48. 


their  formation  depends,  may  be  con- 
ceived by  imagining  two  cones  to  be 
applied  side  to  side,  as  in  fig.  49.  If 
their  surfaces  have  sufficient  friction, 


of  bevelled- wheels  is  to  pro<luce  a rota- 
tory motion  round  one  axis  by  means  of 
a rotatory  motion  round  another  which 
is  oblique  to  it  j and,  provided  that  the 
two  axes  are  m the  same  plane,  this 
may  always  be  accomplished  by  two 
bevelled-wheels.  A system  of  wheels 
of  this  kind  is  represented  in  fig.  5‘2. 


and  one  of  them  be  turned  upon  its  axis 
by  a mechanical  force,  it  will  compel 
the  other  to  revolve ; and  if  the  bases 
of  the  cones  be  equal,  each  will  revolve 
in  the  same  time  ; as  in  fig.  49.  But 
if  the  diameter  of  the  base  of  one 
be  equal  to  any  number  of  times  the 
diameter  of  the  base  of  the  other,  as  in 
figt.4^  and  50,  then  the  lesser  cone  will 


Fig.  50. 


revolve  as  many  times  in  one  revolution 
of  the  greater.  It  is  evident  that  what 
we  have  observed  of  the  entire  cones, 
will  be  equally  true  of  any  parts  of  them, 
a,  h,  c,  &c.  equally  distant  from  their 
common  vertex,  and  therefore  would 
be  true  of  wheels,  the  edges  of  which  are 
parts,  c d,  of  the  conical  surfaces. 

If  the  friction  of  the  conical  surfaces 
be  insufficient  to  transmit  the  force,  the 
surfaces  may  be  fluted,  as  in  fig.  5 1 ; 


and  if  the  conical  surfaces  be  incom- 
plete, the  breadth  being  F c,  they  will 
beeome  bevelled-wheels. 

It  will  be  easily  perceived  that  the  use 


Chapter  VIII.  — Of  the.  PuUeg— 
Fij  ed  Pullet/ — Single  moveable  (‘al- 
ley — Sjtamsh  BurUms  — Syslemt 
with  a single  Rope — their  defe, •te- 
ll'kite's  Pulley  — Systems  with  se- 
veral Ropes. 

(71.)Thk  machines,  the  theory  of  which 
has  been  explained  in  the  preceding 
chapters,  derive  their  whole  efficacy 
from  the  supposed  inflexibility  of  tire 
materials  of  which  they  are  constructed. 
The  effect  of  weights  acting  on  ,x  lever 
is  to  bend  it  over  the  ftilcruin,  and  if 
the  lever  yields  to  this,  and  suffers  itself 
to  be  bent,  it  loses  its  mechanical  effi- 
cacy. Tlie  same  observation  may  be  ap- 
plied to  all  the  machines  which  we  have 
hitherto  described.  It  may  be  said  that 
there  are  no  materials  of  which  such 
machines  can  be  constructed  which  are 
perfectly  inflexible.  This  is  true  ; but 
we  have  before  observed,  that  the  most 
easy  method  of  teaching  the  science,  is 
to  .suppose,  in  the  first  instance,  this 
perfect  inflexibility,  and  subsequently 
to  apply  to  the  results  corrections  which 
will  adapt  them  to  ca-ses  where  small 
degrees  of  flexibility  are  found,  at  least 
to  those  cases  where  the  flexibility  pro- 
duces any  effect  sufficiently  great  to 
affect  the  practical  accuracy  of  the 
result. 

On  the  other  hand,  the  machine  to 
whose  properties  we  are  now  to  call  the 
attention  of  the  student,  is  one  whose 
efficacy  depends  on  the  perfect  flexibility 
of  the  material.  On  this  supposition  our 
theory  will  necessarily  be  founded,  and 
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in  cases  where  this  supposed  flexibility  a flexible  string  be  Pig.  S4. 
is  not  found,  it  will  be  necessary  to  attached  to  the  weight, 
apply  corrections  to  our  results  to  ren-  passed  through  a ring 
der  them  practically  airolicable.  at  P,  and  connected 

(72.)  A perfectly  flexible  rope,  or  with  the  power  at  H, 
thread,  is  a machine  which,  imiepen-  and  the  object  will  be 
dently  of  tlie  usual  advantage  attending  evidently  accomplish- 
tlie  use  of  machines,  of  enabling  us,  by  ed.  For  if  the  rope  be 
the  aid  of  fixed  points,  to  support  supposed  to  be  per- 
a considerable  weight  by  a small  power,  fectly  flexible  and 
offers  what  may  be  considered  great  smooth,  it  will  suffer 
mechanical  convenience,  even  in  cases  no  resistance  cither 
in  which  the  power  is  equal  to  the  from  ligidity  or  fiiction,  in  passing 
weight  or  resistance.  through  the  ring  at  P,  and  the  strii^ 

A flexible  rope  may  be  used  in  trans-  w ill  be  stretched  by  the  same  force  in 
mitting  force  from  one  point  to  another  its  entire  length,  that  tension  being 
in  the  direction  of  its  53.  equal  to  the  weight  W. 

len^h.  Thus  the  But  since  it  is  impossible  in  practice 

force  of  the  weight  <<>  obtain  ropes  which  are  perfectly 

W ( fig.  53.)  is  trans-  iSjj  smooth  and  flexible,  nor  to  construct 

mitted  by  the  string  ^ rings  whose  surfaces  are  free  from  all 

a to  the  hook  H,  pperities.it  is  usual,  Fig.iS. 

and  presses  on  the  instead  of  passing 

hook  in  the  same  „ the  rope  through  a 

manner  as  if  it  were  ring,  to  pass  it  over  a 

immediately  suspend  grooved  wheel  which 

ed  from  it  without  the  turns  freely  on  an 

intervention  of  the  ^ i axle,  or  on  pivots, 

rope  a.  This  power  BW  as  in  He.  55 

of  transmitting  pres-  The  substitution  of 

sure  in  the  direction  ClJB  the  wheel  for  the 

of  its  length,  is  not  owing  to  the  flexi-  ring  is  attended  m practice  with  two 
bliity  of  the  rope,  but  to  its  inertensi-  obvious  advantages : first,  it  removes 
bility.  Tliis  quality  the  rope  enjoys  in  in  a great  degree  Uie  effects  of  the  fne- 
common  with  an  inflexible  bar,  which  hon  of  the  rope  with  the  surface  of  the 
would  also  transmit  tlie  force  of  the  ring,  for  instead  of  the  surface  of  the 
weight  to  the  hook  in  the  same  way.  rope  sliding  on  the  surface  of  the  wheel. 
An  inflexible  bar,  however,  has  the  ad-  that  surface  turns  with  it.  Secondfr,  it 
vantage  of  the  flexible  rope  in  transmit-  diminishes  very  much  the  effects  of  die 
ting  force  in  the  direction  of  its  length;  imperfect  flexibility  of  the  rope,  which 
for,  although  a flexible  rope  will  trans-  instead  of  being  suddenly  and  sharply 
mit  a force  applied  at  one  end  to  the  bent,  as  over  the  ring,  is  gradually 
other  end  when  lliat  force  is  directed  deflected  upon  the  cun' ature  of  the  rim 
/rom  the  end  to  which  it  is  to  be  trans-  of  the  wheel. 

mitted,  it  wiU  totally  M if  the  force  be  The  wheel,  therefore,  is  not  used  to  im- 
direct^  towards  the  other,  in  which  part  any  mer/mmeo/ properly 
case  the  inflexible  bar  will  be  cflectual.  speaking  to  the  machine,  nor  is  it  at  all 
Thus,  if  the  weight  acted  towards  the  necessarj’  to  be  taken  into  account  in 
hookH,  which  would  be  the  case  if  it  the  theory  in  which  the  perfect  smooth - 
were  below  W,  the  string  a will  fail  to  ness  and  flexibility,  the  want  of  which 
transmit  the  force,  but  if  it  were  an  in-  it  is  introduced  to  remedy,  are  pre-sup- 
flexible  bar  it  would  do  so.  posed. 

(7.3.)  One  of  the  greatest  conveniences  Thewheel  thus  used  is  called 

attending  the  use  of  a flexible  rope,  is  J^nd  hence  that  name  has  been  given  to 
that  by  its  means  a force  in  any  one  di-  the  machine  itself,  and  its  various  modi- 
rection  may  be  made  to  balance  an  equal  fications.  Some  wiiters  have  even 
force  in  any  other  direction.  Thus,  if  it  ascribed  to  the  wheel  thus  used,  the 
be  necessary  to  su!<tain  the  weigtit  W,  whole  mechanical  virtue  of  the  machine, 
(y^.  54.)  acting  vertically  downwards, by  nnd  have  establish^  the  conditions  of 
i power  which  acts  in  the  direction  P H,  equilibrium  by  considering  it  as  a lever, 
let  a point  P be  assumed  directly  over  That  such  investigations  are  founded  on 
Uie  weight,  and  in  Uie  Uue  P H,  and  let  \'Tong  principles,  although  their  resulU 
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happen  to  bo  true,  appears  from  this, 
that  if  we  suppose  the  wheels  and  blocks 
abandoned,  and  the  ropes  merely  to 
pass  through  rings,  but  to  be  perfectly 
flexible  and  to  act  without  friction,  all 
the  properties  of  the  pulley  may  be 
established. 

In  our  diagrams  of  pulleys,  we  shall 
always  represent  the  cords  as  acting 
in  the  usual  way  over  wheels ; but 
our  demonstrations  will  be  founded  only 
on  the  supposed  flexibility  oftlie  string, 
and  its  perfect  power  of  transmitting 
force  by  its  tension. 

(74.)  The  mechanical  efficacy  of  every 
system  of  pullies  may  be  immediately 
derived  from  this  single  principle,  that 
the  same  flexible  string  must  alw’ays 
suffer  the  same  tension  in  every  part  of 
its  length.  Thus,  if  the  weight  W {fis. 
56)  be  supported  by  the  string  A B,  the 
_ parts  of  the  string 

A and  B will  be 
5 equally  stretched, 

T and  consequently 

I the  two  hooks  are 

1 I fig.  56.  equally  engaged 
I / in  sustaining  the 

I weight.  Hence, 

^ B (A.  ^ 

I B of  the  string 

I must  sustain  half 

/ the  weight.  In 

A this  case  we  sup- 

ir||U  nose  the  string  to 

KlH  be  perfectly  free  in 

passing  through 
the  ring,  and  the  parts  A and  B to  be 
pantile). 

(75.)  Pullej's  are yijred  and  moveable. 
A fixed  pulley  ha.s  no  mechanical  ad- 
vantage^  since  the  power  and  weight  are 
equal.  Tliis  apparatus  is  represented 
iny^.  55.  It  is,  however,  very  conve- 
nient in  accommodating  the  direction 
of  the  power  to  that  of  the  resistance. 
Thus,  l)v  pulling  dowmeards^  we  are 
able  to  draw  a weight  upwards.  It  has 
been  already  observed,  that  by  means  of 
this  simple  machine,  a power  in  any  di- 
rection whatever  may  be  opposed  to  a 
resistance  in  any  other  dire^ion. 

(76.)  The  swsle  moveable  pulley^ 
.sometimes  called  a runner,  is  repre- 
sented in  Jig.  57.  In  this  machine  the 
same  rope  extends  from  the  power  P 
to  the  fixed  point  £,  and  has  the  same 
tension  throughout  its  whole  length. 

It  is  evident  that  this  tension  is  equal 


tension.  The  wei^t  W is  supported  by 
the  parts  C A and  D E of  the  string,  and 


it  IS  cvKient  that  this  tension  is  equal 
to  the  power,  for  in  that  part  P B of  the 
rope,  between  the  power  and  the  fixed 
piuley,  tlie  power  is  supported  by  Uiis 


A 


must  be  equal  to  the  sum  of  the  ten- 
sions, that  IS,  to  twice  tile  tension  of  the 
rope,  or  to  twice  the  Pig.as. 
power.  In  this  machine, 
therefore,  a power  is 
cajiahle  of  opposing  a 
resistance  of  twice  its 
own  amount  ^ y 

We  have  not  noticed  JJi 

the  effect  of  the  weight  ^ 

of  tlie  pulley  A.  If  this  i j j i 
be  taken  into  account, 
it  is  only  necessary  to 
add  it  to  the  weight. 

The  single  moveable  pul-  . 

ley  may  also  be  so  con-  * 4 

structed  that  the  weight 

will  be  three  times  the 

power.  This  is  evidently 

the  case  in  the  arrange-  a^lw 

ment  in^.  58. 

(77.)  Triere  are  several  systems  of 
pullies  worked  by  a single  rope.  In  all 
these  there  is  one  moveable  block,  in 
which  wheels  or  sheaves  are  fixed,  over 
which  the  rope  runs,  and  to  which 
the  weight  is  attached.  In  estimating 
the  mechanical  effect,  the  moveable 
block  is  to  be  considered  as  a part  of 
the  weight.  Since  the  same  rope  is 
successively  passed  over  all  the  wheels, 
it  must  have  in  eveiy  part  the  same 
tension ; and  since  the  part  K sus- 
tains the  power,  this  tension  must  he 
equal  to  the  power.  The  weight  (in- 
cluding the  weight  of  the  block  to  which 
it  is  attached)  is  supported  equally  by 
each  part  of  the  rope,  which  passes 
betw'een  it  and  the  fixed  block.  In  fis* 
59,  the  weight  is  distributed  equally 
among  four  ropes,  each  of  which  is 
stretched  by  the  force  of  the  power. 
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Ho«ce,  in  this  c*se, 
llic  weight  is  four 
9 times  the  power. 

^ In  general,  in  sys- 
tems of  puUics  having 
only  one  rope,  and 
one  moveable  block, 
the  weight  is  as  many 
v'V times  tlie  power,  as 
fc'  there  are  different 
j.arts  of  the  rope  en- 
iraged  in  supporting 
the  moveable  block. 
This  must  be  veiy 
ei  ident,  when  it  is 
considered  tliat  each 
jmrt  of  the  rope  which 
leisscs  between  the 
t wo  blocks  is  equally 
erigageil  in  sustaining 
the  weight. 

In  the  system  re- 
presented in  fig.  5i>, 
if  the  rope,  instead 
of  being  finally  at- 
tached to  the  fixed 
block,  were  passed 
over  a tliird  wheel  in 
that  block,  and  finally 
f attached  to  the  lower 
block,  the  weight 
would  be  five  times 

the  power. 

(78.)  In  these  sj-stems  the  wheels 


fiy,  60. 


F/j.  61. 


move  on  seoarate  axles.  They  are 
sometimes  placed  side  by  side  on  the 
same  axle,  as  represented  in  fig.  60. 
But  the  proportion  of  the  power  to  the 
weight  is  the  same  in  all. 

In  this  airangement  of  the  sheaves 
it  is  difficult  to  keep  the  strings  parallel, 
and  to  prevent  the  effect  of  the  )xiwer 
and  weight  deranging  the  position  of 
the  blocks  in  the  manner  reiaescnted  ra 
fig.(,\. 

To  remedy  this  incon-  Viy.  6*. 
vTcnience  the  ingenious 
and  powerful  arrange- 
ment represented  in 
ca,  has  been  suggestid. 

To  prevent  confiision  in 
the  figure,  the  rope  has 
been  omitted,  but  its 
course  may  be  easily 
traced.  Suppose  one  ex- 
tremity attached  to  the 
hook  at  the  bottom  of 
the  upper  block : the 
rope  from  this  point  is 
brought  under  (he  wheel 
o,  over  A,  under  c,  over 
d,  under  »,  over  /,  and 
so  on  according  to  the 
order  of  the  letters,  until 
it  finally  passes  over  the 
wheel  M,  and  is  then 
attached  to  the  power. 

In  this  case  there  can  be 
no  derangement  in  the 
position  o(  the  blocks, 
as  in  fig.  61,  since  the 
power  acts  immediately 
over  the  weight.  Tlie 
weight  is  hwc  sustained 
by  the  ropes,  which  pass  over 
wheels,  and  therefore  is  distributed  be- 
tween twenty  parts  of  the  rope,  so  that 
the  weight  ts  twenty  times  the  power. 

(79.)  All  systems  of  piillies  of  this 
kind,  however,  have  still  great  defbets. 
The  great  number  of  wheels  requisite 
when  much  power  is  required  increase* 
the  quantify  of  friction  prodigious^ 
for  each  wheel  has  not  only  the  tri  .’tion 
on  its  axle,  but  also  the  friction  against 
the  side  of  the  block  in  which  it  revolves. 
Besides  this,  they  are  liable  to  great 
inequality  of  wear,  owing  to  the  circum- 
stance of  revolving  on  their  axles  with 
different  velocities.  Snppose  that,  by 
the  action  of  the  power,  f nc  lower  Hoot 
in  fig.  62  is  movtm  one  foot  towards  the 
upper  block ; H is  evident  that  the  se- 
veral parts  of  the  rope  hetween  the 
blocks  will  be  each  shortened  hy  one 
foot.  Hence  it  appears  that  one  foot  of 
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that  psM  of  lh«  fope  ^Woh  Wleodeu 
from  the  hook  in  the  tipijer  block  to  the 
wheel  (1  mint  psss  oeer  llmt  wheel ; this 
foot  of  rope  must  eyklently  also  pass 
orer  the  wheels  b,  c;  and  all  the  sue- 
ceedins:  Wheels.  But  the  part  of  the 
rope  which  extended  from  (he  wheel  a 
to  the  wheel  6 is  also  shortened  by  one 
foot.  Tliis  foot  of  rope  must  therefore 
pass  over  the  wheel  A and  all  the  suc- 
ceeding wheels  e,  d,  <fe.  Hence  one 
fbot  of  rope  passes  the  wheel  « in  the 
ascent,  and  two  feet  pass  b.  By  con- 
tinuing this  reasoning,  we  shall  find  that 
three  feet  of  rope  pass  0,  four  pass  rf, 
and  so  on.  Now  the  xelocities  with 
which  the  wheels  revolve  (their  dlame- 
tOTs  being  the  same)  is  justly  measured 
by  the  (luantity  of  rope  which  passes 
over  them  in  Uie  same  time.  Hence, 
while  the  wheel  a revolves  once,  b re- 
volves twice,  c three  limes,  rf  four  times, 
and  so  on.  Hence  arises  that  inequa- 
lity of  wear  which  we  have  alreatly 
mentioned. 

If  we  attempt  to  remove  this  defect 
by  fixing  all  tlie  wheels  on  the  samO 
pivots  so  as  to  comiiel  them  to  turn  with 
the  some  velocity,  we  shall  introduce 
another  aouree  of  friction  and  cause  of 
wear  much  greater  than  the  former  ; for 
since  tlie  rope  passes  over  the  wheels 
with  different  velocities,  while  they  re- 
volve with  the  same  velocity,  it  must 
necessarily  scrape  or  slide  more  or  less 
on  the  grooves  of  all  of  tliem,  one  ex- 
oeided. 

Tlie  great  ol^'ecf,  therefore,  in  the 
construction  of  such  a system  of  pullies 
would  be  to  make  them  ."ill  revolve  on 
their  axles  in  the  same  time,  so  as  to 
avoid  unequal  wear ; and  yet  that  thchr 
grooves  or  circumferences  should  have 
different  velocities  equal  to  those  of  the 
rope  in  passing  over  them. 

(80.)  These  ends  were  all  attained 
by  a pulley  invented  by  Mr.  Jamet 
fr/iile.  In  order  that  tlie  successive 
wheels  should  revolve  in  the  same  time, 
he  constructed  them  of  different  magni- 
tudes ; and  so  that  their  several  cir- 
cumferences would  lie  equal  to  tlie 
length  of  rope  wliich  passes  over  them 
in  the  same  time.  This  will  be  easily 
understood  by  recurring  to  /is  At.  Sup- 
pose the  circumference  of  the  wheel  a 
to  be  one  foot;  it  makes  one  revolu- 
tion, while  the  lower  block  is  raised 
through  one  foot  towards  the  upper 
block.  In  this  time  three  feet  of  rope 
pass  over  the  cireimiferenee  of  truf 
wheel  c.  If  Uicn  Uie  circumference  of 


this  wheel  be  three  feet,  it  will  revolve 
once  during  the  supposed  ascent  of  the 
weight.  In  like  manner,  the  wheel  « 
will  revolve  once  if  its  circumference  be 
five  feet,  and  so  on.  Tims,  then,  in 
general  it  follows,  that  the  several 
wheels  will  revolve  in  the  same  time,  if 
their  circumferences  be  as  the  numbers 
H 3,  S,  lie. ; and  in  the  same  way  it 
may  be  prov^,  that  the  wheels  in  the 
upper  block  will  revolve  in  the  same 
time  with  each  other,  and  witli  the 
wheels  in  the  lower  block.  If  their  cir- 
cumferences be  as  the  numbers  2,  4, 
6,  8cc.,  or,  what  is  the  same,  ds  the  suc- 
cessive integers  1 , 2,  3,  Sec. 

The  circumferences  of  elroles  are 
proportional  to  their  diameters,  and, 
therefore,  liy  constructing  the  several 
wheels  a,  b,  c,  d.  See.  with  diameters  pro- 
portional to  the  successive  integers  I,  2, 
3,  8cc„  erpiaUty  of  wear  would  be  ob- 
tained. 

But  sfiH  the  multiplied  friction  of  a 
at  number  of  different  wheels  would 
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r;- 


preceding 
tions.  In 


remain,  a«  wdl  the 
friction  on  their  axles 
or  pivots,  as  the  late- 
ral friction  of  their 
surfaces  with  the 
blocks.  To  remove 
this  defect.  Mr.  White 
conceived  the  notion 
of  reducing  all  the 
wheels  in  the  same 
block  to  one;  or  ra- 
ther, instead  of  using 
separate  wheels,  to 
cut  several  circular 
grooves,  with  the  dia- 
meters we  have  al- 
ready desciiticd  upon 
\Yie  same  wheel.  Tims, 
all  the  friction  was  re- 
duced to  that  of  the 
pivots,  and  the  lateral 
friction  of  one  trheel. 

This  pulley  is  repre- 
sented in  Jigs.  63,  64, 
and  it  will  be  easily 
understood  from  the 
observa- 
this,  like 
every  other  system  in 
which  there  is  a single 
rope,  the  weight  is  as  many  times  the 

I lower  as  there  are  ropes  sustaining  the 
ower  block. 

(81.)  The  condition  of  equilibrium 
in  all  such  systems  may  be  mathemati- 
cally expressed  thus 

W = nP; 

where  n signifies  the  nutriber  of  parts 
of  the  rope  which  sustain  the  lower 
block,  and  where  W expresses  the 
weight  sustained  and  the  weight  of  the 
lower  block. 

(82.)  We  have  now 
.mcniioned  the  princi- 
■ pal  systems  of  pullies 
in  which  there  is  but 
one  rope.  Much  pow- 
er, however,  may  be 
^ned  by  increasing 
the  number  of  ropes. 
In  Jigs.  65,  66,  are  re- 
presented systems  with 
two  ropes  and  two 
moveable  pullies,  call- 
ed fipanish  burtons. 

Ill  the  system  repre- 
sented in  Jig.  65,  the 
tension  of  the  rope  P 
B is  equal  to  the  pow- 
er, and  this  rope  being 
finally  attached  to 
tlie  pulley  which  nu- 


fig.  65. 


tains  the  weight,  supports  a part  of  the 
weight  equal  to  the  power.  The  rope 
from  C to  B balances  the  united  tensions 
of  both  parts  of  the  rope  extending  from 
B to  the  weight  and  power,  and  therefore 
its  tension  is  twice  the  power,  and  being 
brought  under  the  pulley  which  sustains 
the  weight,  and  finally  attached  to  the 
fixed  point,  it  sustains  a part  of  the 
weight  equal  to  four  times  the  power. 
Thus,  the  whole  weight  must  be  equal 
to  five  times  the  power.  The  power 
being  taken  as  the  unit,  the  number 
plac^  at  each  rope  expresses  the  part 
of  the  weight  which  it  sustains. 

The  system  “ 

sented  in  Jig.  66 
also  two  ropes,  but 
is  not  so  powerful  as 
the  former.  The  ten 
sion  of  the  rope  ex- 
tending from  the 
power  to  the  fixed 
point  is  equal  to  the 
power,  and  Ihc  ten- 
sion of  that  ext6iul- 
ing  from  the  pulley 
B to  the  weight  is 
obviously  equal  to 
twice  the  power. — 

Thus,  the  weight  is 
four  times  the  power. 

The  tensions  are 
here,  also,  expresserl 
by  the  figures  placed 
at  the  ~~-zz. 

In  both  these  systems  the'weight  of 
the  pulley  B assists  the  power,  and  that 
of  A opposes  it.  In  the  syst^  repre- 
sented in  Pig.  65,  if  the  weight  of  the 
pulley  B be  naif  that  of  A,  the  weights 
of  the  two  puQiesvrill  balance  one  .mo. 
ther ; but  if  the  weight  of  B lie  more 
than  half  of  A,  the  power  will  be  assist- 
ed, and  a less  power  than  the  fifth  part 
of  the  weight  will  sustain  equilibrium. 
If  the  weight  of  B be  less  than  half  of 
A,  a contrary  effect  will  take  place. 

In  the  system  represented  in  Fig.  66, 
if  the  weight  of  B be  equal  to  that  of 
A,  it  will  exactly  balance  it.  If  it  be 
greater  or  less,  it  will  assist  or  oppose 
the  power. 

(83.)  In  Jig.  67,  a system  of  pullies 
is  represented  with  four  ropes,  in  which 
the  weight  is  sixteen  times  the  power ; 
for  the  tension  of  the  rope  D E is  evi- 
dently equal  to  the  power,  liecause  it 
sustains  it.  D,  being  a moveable  pulley, 
must  sustain  a weight  equal  to  twice  the 
power ; but  tlie  weight  which  it  sustains 
18  the  tension  of  the  second  rope  D C, 
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Hence  the  tension  of  the  second  rope  is 
tivice  that  of  the  first : in  like  manner, 
the  tension  of  the  third  roiw  is  twice 
that  of  the  second,  and  so  on,  Uie 
weight  being  equal  to  twice  the  tension 
of  the  last  rope.  If  then,  as  in  the  pre- 
sent instance,  there  be  four  ropes,  the 
tension  of  the  first  is  P,  that  of  the 
second  2 P,  that  of  the  third  2 X 2 P or 
4 P,  that  of  the  fourth  2 x 2 x 2 P or  8 
P,  and  tliercfore  the  weight  W will  be 
10  P. 

It  is  obvious  that  each  rope,  which  is 
added  to  such  a system,  will  double  its 
effect,  and  that  the  condition  of  equili- 
brium expre-ssed  mathematically  w ill  be 
W = 2”  P ; 

n expressing  tlie  number  of  distinct 
ropes. 

In  this  ca.se  the  effect  of  the  weights 
of  the  pullies  themselves  is  neglecte<l ; 
but  it  IS  evident  that  they  act  against 
the  power,  and  therefore  that  it  requires 
a certain  power  to  sustain  them,  even 
when  unloaded. 

(84.)  Tlie  power  of  this  system  may 
be  greatly  increased  without  increasing 
the  number  of  roiies,  by  substituting 
fixed  pulleys  for  the  hooks  to  whicli 
each  rope  is  finally  attached.  This 
method  was  applied  to  a single  move- 


able pulley  in  58,  and  fig.  68  ex- 
hibits a scries  of  such  pulleys.  By 
fig.  58,  it  follows  that  the  tension  of  the 
second  rope  is  three  times  that  of  tlie 
first,  which  is  equal  to  the  power.  The 
tension  of  the  third  is  three  times  that 
of  the  second,  or  nine  times  that  of  the 


first,  and  so  on,  the  weight  being  three 
times  the  tension  of  the  last  rope. 

In  the  present  example  there  are  hut 
four  ropes,  and  the  weight  is  8 1 times 
the  power.  Tlie  relation  lietween  the 
power  and  weight  in  such  a system 
may  be  expressed  mathematically  tlius : 
W=3"P; 

n being  the  number  of  distinct  ropes. 

The  effect  of  the  weights  of  the  pul- 
leys themselves  in  this  case  Ls  also  in 
opposition  to  the  power,  and  robs  the 
machine  of  part  of  its  efficacy. 

(85.)  A powerful  system  is  repre- 
sented in  fig.  69.  In  this  system  each 
rope  is  finally  attached  to  the  weight. 
The  first  rope  sustains  a part  of  the 
weight  which  is  equal  to  the  power. 
Tlie  tension  of  the  second  rope  is  tw  ice 
that  of  the  first,  and  therefore  it  sustains 
a part  of  the  weight  equal  to  twice  the 
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povrtr.  In  manner  the  third  «ui- 
a put  equal  to  four  timca  the 
power,  and  so  on,  the  part  sustain^  bjr 
each  rope  being  double  that  which  M 
■uatainM  by  the  preceding  one. 

In  &is  case  tire  weight  is  equal  to 
the  sum  of  tlie  tensions  of  all  the  strings, 
and  in  the  example  represented  vafig, 
69,  it  is  thir^-one  tup6*the  pqwer. 


It  is  not  difScult  to  give  a general 
mathematical  investigation  of  th®  ela- 
tion between  the  ppiyer  and  weight, 
Tlie  tensions  of  the  severd  ropes  by 
which  the  we^t  is  sustained  ai'c 
2 P,  2*  P,  2 .P,  &c.  and  if  n be  the 
number  of  ropes,  the  tension  of  the  last 
is  2 P.  So  that  we  have 

W=P.  (1+2  + 2.+  2I+ 2—') 

But  the  series  within  the  parentlieses 
being  in  geometrical  progression*,  its 
sum  is  2 ° — 1.  Hence  we  have 
\V=  (2"— 1)  P. 

(86.)  Such  a system  may  be  ren- 
dered much  more  powerful  witliout 
increasing  the  number  of  ropes,  by 
assing  each  rope  roimd  a pulley,  and 
nally  attacliing  it  to  the  movealdc 
pulley  over  which  it  first  passed,  as  in 
fig.  70.  i^e  numbers  placed  upon  tlie 
several  ropes  express  the  parts  of  tlie 

* BtcVA^aLKj'% Popular  Algebra, 


weight  which  they  respectively  support, 
the  power  lieing  the  umt  In  the  system 
in  the  figiuw  the  weight  is  188  times  the 
power.  ... 

The  general  mathematical  investi- 
gation of  the  relation  between  the 
power  and  weight  is  similar  to  that  in 
(85.)  Tlie  parts  of  the  weight  sup- 
ported by  each  successive  rope  is  2 P. 
6 P,  18  P,  54  P,  &c.  and  tliat  which  is 
supported  by  the  last  rope,  the  number 
being  n,  is  2.  3.“-*  P.  Hence  we  have 
‘ W=2  P (1  +3+3»-t-f  + ....  3"_,). 
Summing  the  geometric  series  wlhm 
the  parentheses,  we  have 
W=(3"-1.)P. 

(87.)  The  various  systems  of  puUies 
which  wc  have  here  described  are  not 
offered  to  the  student  as  machines 
which  he  will  frenuently  find  adopts 
in  practice,  but  rather  as  an  exercise  in 
tlie  combination  of  these  engines,  and 
as  tlie  best  means  of  impressing  upon 
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the  memory  the  geoeral  principles  upon 
which  the  mecluinical  agency  of  puUies 
is  to  l)e  investigated. 

Like  all  other  machines,  the  pulley 
obeys  the  principle  of  virtual  velocities; 
that  is,  the  ascent  of  the  weight  is  as 
many  times  less  than  the  simultaneous 
descent  of  the  power  as  the  weight 
itself  is  greater  than  the  power. 

Thus  m the  single  moveable  pulley 
represented  in  flg.  57,  if  the  power 
descend  through  two  feet,  hvo  feet  of  the 
rope  CADE  wilt  pass  over  the  fixed 
pulley  B C.  Hence,  that  part  of  the 
roiie  wilt  be  shortened  by  two  feet,  and 
therefore,  each  of  the  parts  C A and  D 
E will  be  shortened  by  one  foot.  Thus 
the  weight  ascends  through  one  foot 
wliile  the  power  descends  through  two 
feet,  that  IS,  the  velocity  of  the  power 
is  twice  that  of  the  weight.  But  by 
(78)  it  appears  that  the  weight  is  equal 
to  twice  the  power. 

In  the  same  miinper  it  may  be  proved 
that  in^.  58,  while  tue  power  descends 
through  three  feet,  thg  rope  extending 
from  the  fixed  pulley  to  that  end  which 
is  attachcil  to  the  pulley  which  supports 
the  weight  is  shortened  by  three  feet, 
and  tlierefore,  each  of  the  tliree  parts 
engaged  in  supporting  the  weight  is 
shortened  by  one  foot.  Hence,  it  ap- 
pears, that  the  velopi^  of  the  power  is 
three  limes  that  of  the  tVeight;  by  (76) 
it  was  proved  that  the  weight  is  tlireo 
times  the  power. 

In  general,  in  all  systems  of  pullics 
in  which  there  is  but  one  rope,  the 
space  through  which  the  power  de- 
scends is  cquiil  to  the  entire  length  by 
which  the  rope  extending  Com  tlie  pul- 
ley next  the  power  to  its  extremity  js 
shortened.  But  this  length  is  di.stri- 
buted  equally  between  all  the  parts  ot 
the  rope  which  are  engaged  in  support- 
ing the  weight.  Hence  each  p.art  will  bo 
shortened  by  a quantity  as  many  times 
less  than  the  descent  of  the  power  as 
there  are  parts  of  the  rope  engaged  in 
supporting  the  weight.  But  the  number 
of  these  parts  expresses  the  proportion 
of  the  weight  to  the  power. 

Tliis  reasoning  will  be  casUy  applied 
to  tlie  systems  represented  in  Jigs.  59, 
60,  63,  fee.  We  shall  not  pursue  tliis 
investigation  to  the  other  systems.  By 
adoptliu  a similar  method  of  reasoning, 
the  stu£nt  ^d  no  difficulty  in  per- 
ceiving U>a|  it  if  applicable  to  alt  of 
them,  and  tint  igiiversally  as  we  gain 
great  mcchamcal  efficacy,  tCat  is,  raise 
a very  great  weight  with  g very  small 


power,  we  inrariably  lose  Just  as  much 
m velocity  as  we  gam  in  force. 

(88.)  We  have  hitherto  supposed  that 
tlie  ropes  by  which  the  pulleys  are  sus- 
tained are  all  in  the  vertical  direction. 
When  this  is  not  the  case,  the  several 
results  which  we  have  obtained  are  not 
applicable.  In  Jig,  71  the  power  sus- 
tains the  weight  by  the  tension  of  a 
roiic,  in  which  the  parts  are  not  parallel. 
Let  £ F (/ig.7\.)  be  the  vertical  lino 


through  which  the  centre  of  gravity  of 
the  weight  passes,  and  from  F draw  F G 
and  F H parallel  to  D C and  A B.  At  the 
point  F.  three  forces  may  be  considered 
as  acting,  which  are  in  equilibrium,  viz. 
the  tensions  in  the  directions  E H and 
E G.  and  the  weight  W.  Hence,  by 
Treatise  I.  (9),  these  forces  must  be 
represented  by  the  lines  E H,  E G, 
and  E F.  But,  since  the  tension  of 
every  part  of  the  rope  is  the  same,  and 
equal  to  the  power  P,  the  sides  E H 
and  E G of  the  parallelogram  must  be 
equal,  and  therefore  the  diagonal  E F 
mu.st  divide  the  angle  G E H into  two 
equal  parts.  Hence,  it  follows  that  tlie 
weight  w ill  always  settle  itself  into  tliat 
position  in  which  the  two  parts  A B, 
D C of  the  rope  will  be  equally  inclined 
to  the  vertical  line,  and  it  w ill  have  to 
the  power  the  same  ratio  as  E F to  E H. 

Those  who  are  conversant  with  tn- 
gonomet^  will  peroeive,  that  if  the 
angle  A E D,  at  which  the  parts  of  the 
suspending  rope  arc  inclined,  l>c  called 
E,  we  have 

B F ; E H ; ; Sin.  E : Sin.  J E. 
But  Sin.  £ = 2 Sin.  i £ Cos.  i E. 
Hence 

£ F : E II  : : 2 Sin.  4 E Cos.  4 E : 
Sin.  4 E. 

E F : E H : : 2 Cos.  4 E : 1 
\V  : P : : 2 Cos.  J E ; 1 
W = 2 P Cos.  4 E; 
that  is,  twice  the  power,  multiplied  by 
the  cosine  of  half  the  angle  under  tlie 
ropes,  is  equal  to  the  w eight. 

(89.)  In  the  same  way  the  effect  of 
the  obliquity  of  the  ropes  may  be 
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ternuned,  whatever  be  the  system  of 
pulleys.  In  to.  72,  the  system  of  pul- 
lies  described  in  (83)  is  represented  with 
the  ropes  oblique.  The  tension  of  the 
first  rope,  P A",  (/ig.  72.)  is  equal  to 


the  power.  Let  the  tension  of  the  se- 
cond ro])c  be  t.  Then  by  (88)  we  have 
/ = 2 P Cos.  J A", 

A"  beinj;  the  angle  under  the  parts  of 
the  first  rope. 

In  like  manner,  if  t'  be  the  tension  of 
the  rope  A A',  we  have 

<<  = 2 < Cos.  i A', 
and  in  the  same  way 

W = 2 f Cos.  i A. 

Multiplying  these  three  equations  to- 
gether, we  have 

W ('  < = P / Cos.  i A Cos.  i A 
Cos.  i A". 

Omitting  the  common  multipliers  t' t, 
we  have 

W=  8 P Cos.  i A Cos.  } A'  Cos.  { A". 

It  is  easy  to  see  how  a similar  inves- 
tigation may  l)e  extended  to  any  case 
in  which  the  ropes  are  oblique. 

(90.)  Friction  has  always  been  a great 
source  of  waste  of  power  in  pullies. 
This,  however,  has  bwn  in  a great  de- 
gree removed  Iw  an  ingenious  contri- 
vance of  Mr.  (samet,  called  friction- 
roUert.  They  not  only  save  expense 
and  labour,  but  also  considerably  di- 
minish the  wear  of  the  machine.  The 
principle  is  this : between  the  axis  on 
which  the  wheel  turns,  and  the  con- 
cave cylinder  or  box  in  which  that  axis 
is  placed,  a hollow  space  is  left  to  be 
filled  by  sohd  equal  rollers,  nearly 
touching  each  other.  These  are  fur- 
nished with  axles,  inserted  in  a cir- 
cular ring  at  each  end,  by  which  their 
relative  distances  are  preserved,  and 
they  are  kept  parallel  by  means  of 
wires  fastened  to  tl|e  rings  between  the 
rollers,  and  which  are  rivetted  to  them. 


Chapter  IX. — On  the  Inclined  Plane. 

(91.)  The  Inclined  Plane  is  a ma- 
chine formed,  as  the  name  imports,  by 
a [Jane  surface,  supposed  to  be  perfectly 
hard  and  inflexible,  and  which  is  always 
inclined  obliquely  to  the  weight  or  the 
resistance  to  t>e  overcome. 

Let  the  line  L H (Jig.  73.)  be  hori- 
zontal, and  let  I.  M be  a perfectly  banl 
and  smooth  plane,  forming,  with  the 
horizontal  plane,  the  angle  M I.  H, 
called  the  eleralion  of  the  plane.  The 
line  L M is  calleil  its  length,  M H its 
height,  and  L H its  huse. 


Let  A be  a weight  placed  upon  this 
plane,  and  sustained  by  a power  in 
any  direction,  as  A C.  The  body  A 
is  kept  at  rest  by  three  forces  acting  at 
its  centre  of  gravity:  1°,  the  force  of 
gravity,  W acting  in  the  vertical  di- 
rection, AW;  2^,  the  power  P acting 
in  the  direction  A C ; and  3°,  the  re- 
sistance R of  tlic  plane  acting  in  the 
direction  A B perpendicular  to  tile 
plane.  Now,  since  the  weight  A\',  in 
the  direction  A W,  resist.s  the  forces  P 
and  R,  in  the  directions  A C and  A I), 
it  must  be  equal  and  opposite  to  the  re- 
sultant of  these  two  forces.  (Treatise 
I.  Chap.  II.)  Suppose  A D drawn 
directly  upward,  in  the  direction  \V  A , 
and  from  any  point  D draw  D C and 
D B,  parallel  to  A B and  A C respec- 
tively, and  it  follows  that  the  weight, 
the  power,  and  the  resistance  of  the 
plane  will  be  proportional  to  the  lines 
A D,  A C,  ana  A B.  Tliis  may  easily 
be  verified  by  exjieriment.  On  a ver- 
tical plane  behind  tlie  powci-  and 
weight,  draw  the  line  A 1)  vertical, 
and  from  any  point  D in  it  draw  1)  G 
in  a direction  at  right  angles  to  the 
plane.  Upon  measuring  the  lines  A D 
and  A C,  they  will  be  found  to  have 
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ex&ctly  the  same  proportion  as  the 
weiitht  W and  the  power  P.  The 
quantity  of  tlie  resistance  may  be  de- 
terminwi,  experimentally,  in  the  same 
manner.  Let  a string  l>e  attacherl  to 
the  weisrht,  and  broiiirht  in  a direc- 
tion A B,  over  a fixed  puUw,  and 
let  a weight  R be  suspenaed  from  it, 
which  will  bear  tire  same  ratio  to  \V 
and  P,  as  the  line  A B or  D C bears 
to  the  lines  A D and  A C.  Upon  rc- 
mosine  the  plane,  it  will  be  found  that 
the  weight  A will  remain  suspended, 
iindistunrcd  in  its  position.  lienee,  it 
appears  tliat  tire  tension  of  the  string 
A C,  whieh  is  a force  equal  to  the 
weight  R,  supplies  the  place  of  tire 
plane,  and  produces  the  same  mecha- 
nical effect.  Tire  force  R,  therefore, 
is  the  amount  of  the  pressure  of  the 
weight  upon  the  plane*. 

Since  all  equiangular  triangles  have 
their  sides  proporlionalf,  it  follows  that 
if  any  triangle  be  drarvn,  whose  angles 
are  equal  to  those  of  a triangle,  one 
side  of  which  is  vertical,  another  dct- 
pendicular  to  the  plane,  and  the  third 
in  the  direction  of  the  power,  the  sides 
of  that  triangle  will  always  be  pro- 
portional to  the  power,  the  wei^t,  and 
the  pressure  upon  the  plane.  This  re- 
lation between  the  power,  weight,  and 
pressure  may  be  very  simply  expressed 
mathematically.  Let  the  angle  formed 
by  the  vertical  line  A D,  (/Ig.  73.)  and 
the  perpendicular  A B to  the  plane  be 
A,  and  let  the  angle  B D A,  formed  by 
the  vertical  line  A D,  and  the  direction 
A C of  the  power  be  D ; and  the  angle 
under  the  direction  of  the  power  A C, 
and  the  perpendicular  to  the  plane,  vix. 
D B A be  B.  Since  the  sides  of  tri- 
angles are  proportional  to  the  sides  of 
the  opposite  angles,  we  have 

P Sin.  A R _ Sin.  D 

W " SlhTB  W “ Sin.  B 

(!f2.)  In  the  prc(«iing  investigation 
of  the  proportion  of  the  irower.  weight, 
and  pressure,  we  have  conceived  the 
pow  er  to  act  in  any  direction  whatever. 
If  it  act  in  the  dii-ection  of  the  plane, 
the  triangle  whose  sides  will  determine 
its  proportion  to  the  weight,  will  be  A 
C B,  (/Ig.  74.)  in  which  B C is  tire  di- 
rection of  the  power,  A B of  the  weight, 
and  A C of  tire  pressure.  Tliis  triangle 


• TW  npcrininU  which  w«  h*Ye  thonght  it  »d- 
to  detcrib*,  ia  wridcatioo  of  the  ihcorv,  are 
a»t  tho«e  which  are  the  moat  eatiljr  exncatcd.  but 
those  which  we  roaretve  to  best  adapted  to  reo* 
der  the  theory  intellifihU,  iodapauleat  oc  much  ma- 
thetoaticHl  ri-a«c>«iinc. 

f S««  DaKliy**  rvpnbtr  Omiftry,  Ari.  LU. 


is  evidently  similar  to  the  triangle  F D 
E,  formed  by  the  height,  length,  and 
base  of  the  plane.  Hence,  in  this  case, 
the  height  D F of  tire  plane  represents 
the  power,  the  length,  the  weight,  and 
the  base  of  the  pressure. 

This  may  be  verified  experimentally. 
Let  a thread,  attached  to  the  weight  A, 
be  brought  parallel  to  tire  plane,  and 
passed  over  a fixed  pulley  at  D ; let 


such  a weight  P be  suspended  from  it, 
as  will  bear  the  same  proportion  to  A 
as  the  height  D E bears  to  the  length 
D C,  and  it  will  be  found  to  sustain  the 
weight.  The  amount  of  the  pressure 
may  be  shewn  to  be  represented  by  the 
base  C E in  a manner  exactly  similar 
to  that  explained  in/lg.  73. 

This  may  be  expressed  mathema- 
tically thus:  let  E be  the  elevation  of 
the  plane 


P _DE 
W'DC 


= Sin. 


E 


R 

\v~cd" 


Cos.  E. 


(93.)  If  the  power  act  in  a horizontal 
direction,  or  parallel  to  the  base' of  the 

Elane,  its  proportion  to  the  weight  will 
e that  of  the  height  ofthe  plane  to  the 
base.  For,  in  /Ig.  76,  let  A B be  ver 


tical,  and,  therefore,  in  the  direction  of 
the  weight;  and  let  A D,  parallel  to 
the  base,  be  in  the  direction  of  the 
power,  and  A C,  perpendicular  to  the 
plane,  will  be  in  the  direction  of  the  re- 
sistance. 
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The  MsWance,  or  pressure  A C,  will, 
in  this  case,  be  the  resultant  of  the 
weight  and  power,  which  will,  therefore, 
be  represented  by  A D and  A B,  or  by 
B C and  A B. — (Treatise  L Chap.  II.) 
But  the  triangle  A B C is  similar  to 
the  triangle  L M H,  being  equiangular 
with  it ; and,  therefore,  the  power  will 
l>e  represented  by  the  height  M H,  the 
weight  by  the  ba.se  I,  H,  and  the  pres-' 
sure  by  the  length  L M. 

To  express  tliis  matbcinatioally, 
have 

P MII  R LM_ 

W"LH WLH~ 

1 


(91.)  It  is  easy  to  see  that  the  power 
acts  to  greatest  advantage,  when  tts  di- 
rection IS  parallel  to  the  plane.  This 
may  be  established  at  once  by  mathe- 
matical reasoning  ; but  it  is  sufficiently 
plain,  from  considering,  that  if  the 
power  be  directed  aiove  the  plane,  as 
m Jig.  73,  it  is  partly  sjient  m lifting 
the  weight  from  the  plane,  or  rather  in 
diminishing  the  pressure,  and  only 
partly  in  drawing  it  up  the  plane.  If, 
on  the  other  hand,  it  be  dirked  belou) 
the  plane,  as  in/lg.  76,  it  is  spent  partly 
in  pressing  the  weight  ag.ainst  the  plane, 
and  only  partly  in  drawing  tlie  Weight 
up  the  plane.  This  will  be  very  evi- 
dent to  the  student,  who  has  attended 
to  what  has  been  said  of  the  compo- 
sition of  force  in  Chap.  II.  of  our  first 
Treatise.  But  if,  on  the  other  hand, 
the  power  acts  parallel  to  the  plane,  its 
whole  effect  will  be  siwnt  in  diawing 
the  weight  up  the  plane. 

(95.)  If  a weight  on  one  inclined  plane 
be  supporterl  by  a power  on  another, 
their  proportion  wul  be  that  of  the 


lengths  of  the  planes  on  which  they  rest. 
In  tliis  case  we  may  consider  P and  W 
(Jig.  77.)  a,s  two  weights,  sustained  on 
two  inclined  planes,  A B and  C B, 
by  tile  tension  of  the  siring  which 
unites  tliem,  and’  wliieh  is  the  com- 
mon power  which  sustains  both,  and 
wliich  supports  each  in  a dirwtion 


parallel  to  the  planea  on  which  they 
respwtively  rest.  Considering  only 
the  inclined  plane  A B,  the  power,  that 
is  the  tension  of  the  string,  the  weight 
P and  the  pressure  are  represented  by 
B D,  B A,  and  AD,  respectively  (92). 
In  like  manner,  considering  only  the 
plane  B C,  the  power  or  tension  of  the 
string,  the  weigiit  IV  and  the  pressure 
arc  represented  by  B D,  B C,  and  CD, 
resjiectively.  The  power,  or  tension  of 
the  string,  being  the  same  for  both 
planes,  it  follows  that  tlie  weights  P and 
W are  as  the  lengths  B A and  B C.  and 
that  the  pressures  arc  as  the  lines  A D 
and  C D. 

This  may  be  submitted  to  the  test  of 
experiment,  by  ascertaining  the  power 
P,  wliich  supports  any  given  weight  IV, 
and  mcasimng  Uie  lengths  of  the  planes. 
They  will  alw  ays  be  found  to  be  in  the 
same  proportion.  To  determine  the 
proportiou  of  the  pressures,  let  tlireads 
he  attaclw'd  to  P and  IV,  and  brought  in 
diveetions  pcjqMmdieular  to  tlie  manes 
over  fixed  pulleys,  and  let  weigfits  R' 
and  U be  suspended  from  lliem,  wliich 
shall  have  the  same  proportion  to  P 
and  IV,  as  the  lines  A D and  C D have 
to  B A and  B C,  and  upon  removing 
the  pla.nes  from  beneath  Uie  weights, 
they  will  retain  Uieir  positions  undis- 
tuiiied. 

(96.)  The  princijilc  of  virtual  veloci- 
ties may  Ixi  ea.sUy  applied  to  tlie  inchned 
phauc.  In  yfg.  75,  suppose  that  at  the 
commencement  of  the  motion  tlie  weight 
is  at  the  foot  C of  the  plane,  and  the 
power  is  at  the  lop  D.  of  the  al(itude. 
Lei  the  power  then  descend  until  tlic 
weight  shall  arrive  at  tlie  top  of  the 
plane.  It  will  have  descended  tlirough 
a space  equal  to  the  length  of  rope  w hicli 
has  passed  over  Uic  pulley,  that  is, 
equal  to  the  lengUi  of  the  plane,  and  at 
the  same  time  tlie  weight  will  have 
ascended  through  a space  equal  to  the 
height  of  the  plane ; so  that  the  perpen- 
dicular spaces,  through  whicli  tlie  w eight 
and  power  move  in  the  same  time,  are 
the  height  and  length  of  the  plane,  and 
these  arc,  therefore,  the  proportion  of 
their  velocities.  But  the  proportion  of 
the  weight  to  the  power  is  that  of  the 
length  to  the  height  Hence,  the  power 
and  weight  are  reciprocally  as  their 
vertical  velocities,  which  is  conformable 
to  the  principle  of  virtual  velocities. 

It  would  not  be  difficult  to  show  the 
application  of  this  principle  to  the  other 
niodificalioiis  of  tlie  inclined  plane ; but 
this  instance  will  serve  our  present  pur- 
pose. 
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(97.)  In  the  mclined  plane,  tha^fore, 
like  every  other  mechanical  power,  we 
lose  velocity  in  proportion  as  we  increase 
the  force.  In  some  instances,  however, 
tills  is  an  advantage.  For  instance,  in 
an  inclined  plane  constructed  forlannch- 
ing  a ship.  Hera  the  plane  is  slightly  in- 
’clined.  and  tlic  power  which  would  sus- 
tain tlic  vessel  on  the  plane  (allowing 
the  effects  of  friction)  Is  equU  to  the 
force  with  which  the  vessel  descends, 
which,  owing  to  tlie  small  elevation,  is 
comparative^  Uifling. 


Chaptir  Wedge. 


(98.)  A Wbodb  is  a solid  figure,  which 
is  called  ingcometry  a (riur^/aren'em. 
Its  two  ends  are  equal  and  similar  tri- 
angles, and  its  three  sides  are  rectan- 
gular parallelograms.  Tliis  figure  is 
represented  in^gs.  78,  79. 

The  wedge  is  very  generally  used  in 


Fig.  T8. 


clearing  timlier,  in  which  case  its  edge 
is  introduced  into  a cleft  already  made 
to  receive  it,  and  it  is  urged  at  the 


back  by  percussion.  The  friction  of 


the  fiaaM  sf  tttf  mdgs  with  the  timber 

ought  to  be  sufiicient  to  prevent  its 
sacoil. 

Thewedge  may  be  considered  as  formed 
by  two  inclined  planes  placed  bass  to 
base,  tlieir  altitndes  forming  the  back  of 
the  wedge.  Tlie  pow  er  being  mnerally 
applied  porondicularly  to  the  back  wifi 
be  parallel  to  tlie  common  base.  But  it 
is  a more  difficult  matter  to  say  in  what 
direction  the  resistance  is  to  be  consi- 
dered as  acting  against  the  face  of  tlie 
wedge. 

In  the  theory  of  the  wedge,  there  are 
iptroduced  so  many  conditions,  which 
are  perfectly  inapplicable  in  practice,  so 
naany  gratuitous  assumptions  and  siip- 
posibons  so  inconsistent  with  practical 
truth,  that  tiie  whole  doctrine  has  little 
or  no  value. 

One  of  the  circumstances,  which 
creates  the  greatest  difiiculty  in  the 
theory  of  the  wedge,  is  the  very  hetero- 
geneous nature  of  the  resistance,  and  the 
force  or  power  by  which  it  is  overcome. 
The  resistance  is  generally  that  modifi- 
cation of  force  c^led  reteure.  Tlie 
power,  which  is  opno.sco  to  this  resist- 
ance, is  commonly  that  species  of  action 
c.dled  percussion.  These  are  modifica- 
tions of  foice  so  totally  different  as  not 
even  to  admit  of  campaiison.  It  has 
been  generally  thought  that  there  is  no 
n/otc  or  impact,  however  slight,  which 
pill  not  overcome  a pressure  or  resist- 
ance however  great.  From  which  it 
would  seem  to  follow,  that  an  infinitely 
small  impact  is  equivalent  to  an  infi- 
nitely great  pressure.  Be  this  as  it  may, 
however,  the  great  difference  between 
these  modifications  of  force,  is  suffi- 
ciently evident  to  demonstrate  the  total 
impossibility  of  establishing  the  condi- 
tion of  equilibrium  of  a machine  in 
which  the  weight  or  resistance  is  a force 
of  the  one,  and  the  power  is  a force  of 
the  other  species. 

Nothing,  therefore,  can  more  plainly 
demonstrate  (he  inutility  of  the  tlieory 
of  the  wed^e  than  that,  in  this  theory, 
the  power  is  supposed  to  be  a pressure 
exerted  on  tlic  back  of  tlie  wedf^,  wlitcli 
is  supposed  to  be  capable  of  balancing 
the  effect  of  the  resistance  m producing 
the  recoil  of  the  wedge.  In  all  cases, 
where  the  wedge  is  practically  used,  tlie 
friction  of  its  faces  with  the  resisting 
substance,  (s  sufficient  to  prevent  the  re- 
coil ; so  that,  strictly  speaking,  no  force 
whatever  is  necessary  to  sustain  the 
machine  in  equilibrium,  and  to  move  it, 
pressure  is  never  resorted  to,  inasmucli 
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B)  the  slightest  percussion  is  far  more 
effective. 

The  only  TCoeral  theoretical  principle 
respecting  the  wedge,  which  obtains 
always  in  practice  is,  that  its  power  is 
increased  by  diminishing  the  ai^e. 

All  cutting  instruments,  as  knives, 
swords,  hatwets,  chisels,  planes,  &c. 
are  wedges.  In  these  cases,  the  harder, 
in  general,  the  substance  to  be  divid^ 
is,  the  greater  will  be  the  angle  of  the 
wedge.  Thus,  chisels  for  cutting  soft 
woods  are  sharper  than  those  used  for 
the  harder  species,  and  these,  again, 
are  sharper  than  chisels  used  for  cutting 
metals. 

In  the  preceding  observations  on  the 
wedge,  we  have  not  attempted  to  explain 
its  theory,  conceiving,  that  a theory, 
which  is  utterly  inapplicable  in  practice, 
is  better  omitted  in  the  “ Library  of 
Useful  Knowledge." 


Chapter  XI. — On  theSerno — Hunter's 
Screw  — Perpetual  Screw — Micro- 
meter Screw. 

(99.)  The  screw  is  a machine  of  great 
mechanical  power,  and  is  applied  to 
various  purposes ; but  is  most  generally 
used  in  cases  where  an  intense  pressure 
is  to  be  exerted.  This  machine  is  a 
modification  of  the  inclined  plane.  Let 
an  inclined  plane  (Jig.BO.)  be  placed  with 


its  altitude  B C parallel  to  the  axis  of  a 
cylinder,  and  placing  the  altitude  B C 
on  the  side  of  the  cylinder,  let  the  plane, 
supposed  flexible,  be  rolled  roiinil  it. 
The  length  A B of  the  plane  will  trace 
upon  the  cylinder  a spM  thread,  which 
is  called  the  thread  of  tlie  screw. 

A perspective  view  of  this  machine  is 
given  in  fig.  81.  If  any  body  be  placed 
between  two  threads,  and  the  screw  be 
turned  once  round,  the  body  so  placed 
not  being  permitted  to  turn  with  it,  it 
is  plain  that  this  body  win  be  moved 
from  its  first  position  to  a similar  place 
on  the  thread  next  above  that  on  which 
it  was  first  placed.  In  fact,  it  will  be  ele- 
vated through  an  height  equal  to  the  dis- 
tance between  two  conti^ous  threads. 


this  process  the  body  is  forced  up 
inchned  plane,  which  is  wrapped 
n the  cylinder,  and  the  power  being 


Fig.Bl. 


supposed  to  be  applied  at  the  circum- 
ference of  the  screw  acts  parallel  to  the 
base  of  the  plane. 

In  this  case,  the  proportion  of  the 
power  to  the  weight  is  that  of  the  hei^t 
of  the  plane  to  its  base  (9.3).  But  in 
one  revolution  of  the  screw,  the  body, 
which  is  placed  between  the  threads,  is 
mov^  up  an  inclined  plane,  whose 
height  is  the  interval  between  two  con- 
tiguous  threads,  and  whose  base  is  the 
circumference  of  the  screw.  Hence,  it 
follows  that  the  power  is  to  the  w-eight 
or  resistance  as  tlie  interval  between 
the  threads  is  to  the  circumference  of 
the  cylinder  on  which  the  thread  is 
raised. 

The  energy  of  the  power  on  the  screw 
is  ^nsmitted  by  means  of  a concave 
cylindrical  screw,  on  the  inner  surface  of 
which  a spiral  channel  is  cut,  corre- 
sponding exactly  to  the  thread  raised 
upon  the  cylinder,  so  that  by  turning  tlie 
one  within  the  other  the  convex  screw 
will  pass  through  the  concave  screw,  and 
will  advance  every  revolution  Uirough  a 
space  equal  to  the  distance  between  two 
contiguous  threads. 

A section  of  the  convex  and  concave 
screw,  by  a plane  through  the  axis,  is 
represented  in  /ig,  82.  If  the  concave 
screw  be  ftxe<l,  so  as  to  be  incapable 
eithCT  of  revolving  or  moving  in  the  di- 
rection of  its  length,  it  is  evident  that 
the  convex  screw  will  gradually  jicne- 
trate  it,  advancing  through  the  space 
between  two  contiguous  tlircads  every 
revolution.  If,  on  the  other  hand,  the 
convex  screw  be  incap.able  of  moving 
in  the  direction  of  its  length,  it  will,  by 
its  rotatory  motion,  force  the  concave 
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screw  in  the  direction  of  its  len^, 
throufi'h  a space  equal  to  the  inter>  al 
between  two  contiguous  threads,  every 
revolution. 

Fig.  8*. 


The  convex  screw  is  generally  called 
the  ncretp,  and  the  concave  screw  is  de- 
nominated the  nut. 

(100.)  We  have  here  considered  the 
power  to  be  applied  at  the  circumference 
ofthescrew;  and  if weconsiderthe screw 
as  a simple  machine,  we  must  suppose 
it  thus  applied.  But,  in  practice,  the 
screw  never  is  used  as  a simple  ma- 
chine, and  the  power  is  always  applied 
to  a lever  at  the  head  of  the  screw,  in 
the  same  manner  as  it  is  applied  in  the 
wheel  and  axle,  and  as  represented  in 
fig.  83.  In  this  case  the  machine  is 
really  complex,  being  composed  of  a 
lever  and  a screw.  The  proportion  of 
the  power  to  tlie  weight  is  easily  inves- 
tigated. I.et  P be  the  power,  and  let  x 


be  the  effect  of  this  power  at  the  cir- 
cumference of  the  screw.  I.et  R be  the 
arm  of  the  lever  by  which  the  power 
acts,  and  let  r be  the  radius  of  the  sec- 


da 

tion  of  the  screw,  at  riglil  angles  to  its 
length.  the  principles  established 
in  Chap,  III,,  we  nave 

P X R = * X r, 
or  P : I : : r : R. 

But  the  radii  of  circles  are  as  their  cir- 
cumferences. Let  C be  tlie  circumfe- 
rence descrilicd  by  the  power,  and  whose 
radius  is  R,  and  c the  circumference  of 
the  screw,  whose  radius  is  r. 

r ; R : : c : C 
Hence,  we  have 

P ; X : : c : C, 
or  P X C = X X c. 

But,  by  (99), 

* : W ; : I)  : e, 

where  D signifies  the  distance  between 
the  threads.  Hence,  we  have 

*Xe-WxD.-.PxC  = WxD 
or  P : W : ; I)  : c. 

That  is,  “ the  power,  multiplied  by  the 
circumference  which  it  describes,  is 
equal  to  the  weight  or  resistance,  mul- 
tiplied by  the  distance  between  two  con- 
ti^ous  tiueads or,  “ Tlie  power  is 
to  the  weight,  as  the  distance  between 
two  contiguous  threads  is  to  the  cir- 
cumference described  by  the  power." 

It  frequently  happens,  that  the  lever 
by  which  the  power  acts  is  attached  to 
the  nut,  and  the  screw  is  capable  only 
of  a longitudinal  motion.  Thus,  in  the 
press  represented  in  fig.  84,  the  board 


C,  moveable  between  the  sides  of  (he 
frtune,  is  urged  by  the  screw  C B,  capa* 
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ble  of  moving  direotijr  upwards  or 
downwards,  but  not  of  revolving.  The 
nut  F is  worked  by  the  lever  D K. 
Every  complete  revolution  of  the  nut 
urges  the  screw  upward,  through  a 
space  equal  to  the  distance  between 
two  contiguous  threads. 

The  proportion  of  the  weight  to  the 
power,  or  the  meehanical  efficacy  of  the 
screw,  depends  on  the  propomoti  of 
the  circumftrencc  described  by  tlie 
power,  to  the  distance  between  two  COit^ 
tiguous  threads.  Hence,  it  is  evident 
that  the  efficacy  of  the  screw  may  be 
increased,  either  by  increasing  the 
length  of  the  lever  by  which  the  power 
acts,  or  by  diminishing  the  distance  be« 
tween  the  threads.  To  both  of  these 
there  are,  however,  practical  limits,  si- 
milar to  those  mentioned  in  the  case  of 
the  wheel  and  axle  (S8.) 

If  the  leverage  of  the  power  be  verr 
much  increased,  the  power  will  work 
through  an  inconveniently  great  space, 
and  the  machine  will  become  unwieldy. 
If,  on  tlie  other  hand,  the  thread  of  thd 
screw  be  made  very  small  and  fine,  it 
will  be  tom  off  by  a great  resistance  in 
passing  through  the  nut. 

These  inconveniences  have  been  ob- 
viated by  a contrivance  of  Mr.  Hunter, 
the  Surgeon,  which,  while  it  preserves 
all  the  requisite  streng^  and  compact- 
ness in  the  machine,  gives  it  an  almost 
unlimited  degree  of  meehanical  efficacy. 

A perspective  drawing  of  this  con- 
trivance M given  in  ftg.  E8  Is  a 
Fig.  85. 


strong  frame  in  which  a board  D moves, 
so  that  when  it  is  forced  towards  the 
bottom,  it  will  exert  a pressure  on  any 
substance  placed  between  it  and  (he 


bottom.  To  this  moveable  board  D is 
attached  a cylinder  II,  on  Which  the 
thread  of  a Serew  is  raised.  C is  a fixed 
nut  through  which  a screw  A plays. 
The  screw  A is  a hollow  cyhnder,  the 
interior  of  which  is  8 nut  adapted  to  re- 
ceive the  screw  fl.  Wlien  the  screiv 
A is  turned  once  round,  it  advances 
through  the  nilt  C,  Onough  a space 
equal  to  the  distance  between  two  con- 
tiguous threads  j so  that,  if  the  screw  B 
were  not  supposed  to  act,  the  boai  d D 
would  advance  towards  the  bottom, 
through  a distante  equal  to  the  distance 
between  Ihe  threide  of  the  screw  A.  But 
while  the  screw  A advances  through  Ihe 
nut  C by  its  tevolulioH,  tile  very  same 
cause  makes  the  screw  B move  towards 
C through  a space  equal  to  the  distance 
between  two  contiwous  threads  of  B ; 
or,  by  turning  A,  the  nut  contained  in 
the  inner  concave  SuHkee  of  A is  turned 
upon  the  screw  B.  Now,  if  tlie  tlureads 
of  the  two  screws  A and  B were  per- 
fectly equal,  the  effect  of  tliesc  two 
motions  would  be,  that  the  board  D 
would  retain  its  position,  inasmuch  as 
the  effect  of  one  screw,  in  moving  it 
dowHwardii  would  be  exactly  equal  to 
the  effirat  of  tlie  otiier  screw  in  moving 
it  apieardt. 

But  if  we  suppose  the  interval  be- 
tween the  threads  of  the  screw  B to  be 
eoBiewhat  less  tlian  the  Interval  between 
the  threads  of  the  screw  A,  tlie  effect 
will  be  different.  In  this  case,  one  re- 
volution will  move  the  screw  A doien- 
tcartUi  through  a space  equal  to  the 
interval  between  its  tlu-eads,  while  the 
screw  B will  be  moved  within  the  screw 
A and  upwards,  through  a space  equal 
to  the  interval  between  its  threads.  The 
cooibined  effect  will  be,  that  the  screw 
B,  and  the  board  C to  whielt  it  is 
attached,  will  be  moved  dmemrards 
through  a space  equal  to  the  difference 
of  the  distances  between  the  threads  of 
the  two  screws. 

Thus,  if  the  screw  A have  twenty 
thrcails  in  an  inch,  and  the  screw  B 
have  tw  enty-one  ; in  one  revolution,  A 
is  moved  downwaixis  Mirongh  tlie  twen- 
tieth of  an  inch.  Siqipose  that  the  nut 
A did  not,  in  this  motion,  turn  on  B 
it  is  ])lain,  then,  that  B and  the  board  C 
would  be  moved  down  through  the 
^th  of  an  inch.  Suppose,  then,  that 
the  screw  B was  turned  round  once 
within  the  nut  A,  the  screw  B and  the 
board  C!  would  be  raised  tlu-ough  the 

lh  of  an  inch.  Its  position  would 

enbe  below  its  original  position  by  the 
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txeeai  ol  ^th  of  in  inch  above  ^th  of 
an  inch ; that  is,  by  ,j,th  of  an  inch. 

To  render  the  explanation  clearer,  we 
have  here  anpposed  things  to  happen  in 
snecession,  which  really  happen  toge- 
ther. TIte  same  motion  which  advances 
the  screw  A downwards,  draws  the  screw 
B upwards ; but  the  final  etifect  is  the 
same  as  if  Uiese  two  motions  took  place 
in  succession. 

It  is  plain,  therefore,  that  the  effect  of 
this  machine  is  the  same  as  that  of  a sim- 
ple screw  in  which  the  distance  l)etwee« 
the  threads  is  equal  to  the  <lifference 
of  the  distances  between  the  threads  of 
the  two  screws  A and  B;  and,  therefore, 
that  the  ratio  of  the  power  to  the  weight 
is  the  diifisrence  behreen  the  distances  of 
the  thread  of  tlie  two  screws  to  the 
circumference  described  by  the  power. 

The  mechanical  efficacy  is,  therefore, 
increased  by  diminishing’  the  difference 
cf  tte  distance  between  the  threads  of 
the  screws.  If  the  circumference  de- 
scribed by  the  power  be  20  inctes,  and 
one  screw  have  twenty  threads  to  an 


inch,  and  the  other  twenty-one,  the 
power  win  be  to  the  weight  as  the  dif- 
ference between  A and  /r,  or  to  20, 
or  as  1 to  8400.  If,  however,  one  screw 
have  30  tlireads  and  the  ottiCT  31  to  an 
inch,  then  the  power  Is  to  the  weight  as 
the  difference  between  ^ and  iri  or  tls 
to  20,  or  as  1 to  18600. 

The  tlireads  of  each  screw  may  be 
constructed  of  any  size  and  strength 
which  may  be  required,  and  yet  so  very 
nearly  equid,  that  any  degree  of  power 
may  m imparted  to  the  machine.  Thus, 
by  the  jM-eceding  investigation,  it 
pears  that  two  screws,  constructed  with 
30  and  31  threads  in  a foot,  are  equiva- 
teht  to  a ringle  screw  with  930  tlueads 
in  a foot 

(101.)  The  thread  of  the  screw,  in- 
stead of  urging  forward  the  nut,  some- 
times is  made  to  act  upon  the  teeth  of 
a wheel,  as  in  /g.  86.  In  this  case  it 
is  called  a perpetual  seresr.  The  ma- 
chine in  this  figure  is  complex,  being 
Composed  of  the  screw  and  the  axle  in 
tlie  wheel.  The  relation  between  the 


power,  and  the  weight  Is  easily  investl- 
gated.  I.et  P be  the  power,  and  let  as 
be  its  effect  on  the  wheel  G E.  Let  R 
be  the  radius  of  the  wheel,  D the  dis- 
tance between  the  threads  of  the  screw. 


V the  tadi'ri  of  the  astle,  and  W the 
Weight  or  resistance ; and  let  C be  the 
circumference  desCTilied  by  tlie  power. 
% what  we  have  established  respecting 
the  screw 
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P X C = I X D 

and  by  the  prop^ies  of  the  wheel  and 
tide  established  in  (%0), 

•T  X R^=  \V  X r 

Multiplying  these  equalities,  we  have 
PxdxxxR  = xxDxW  xr 
Omitting  the  common  multiplier  x,  we 
have 

PxCxR=cWxDxr 
or  P : W ; ; D X r ; C X R ; 
that  is,  “ the  power  is  to  the  weight  as 
the  distance  between  the  threads  multi- 
pUed  by  the  radius  of  the  axle  to  the 
circumference  'described  by  tlie  power, 
multiplied  by  the  radius  of  the  wheel." 

The  condition  of  equilibrium  of  this 
machine  has  been  mistaken  by  some 
writers,  and  the  error  seems  to  have 
crept  from  one  treatise  to  another. 
Instead  of  the  circumference  described 
by  the  power,  the  radius  is  used  which 
gives  the  machine  only  about  a sixth  of 
its  true  efficacy. 

<102.)  The  very  slow  motion  which 
miq'  be  imparted  to  a screw  by  a very 
considerable  motion  in  the  power,  ren- 
ders it  an  instrument  peculiarly  well 
adapted  to  the  measurement  of  very 
minute  spaces.  The  manner  of  apply- 
ing it  to  this  purpose  is  easily  explains. 
Suppose  that  a screw  is  cut  so  as  to 
have  threads  in  an  inch,  and  that 
round  its  head  is  placed  a graduated 
circle,  on  which  an  index,  attached  ,to 
the  screw,  plays.  In  one  revolution  of 
the  screw  its  point,  or  anytliing  moved 
by  its  point,  is  moved  through  a space 
equal  to  the  fiftieth  part  of  an  inch. 
The  circle  on  which  the  index  plays 
may  be  easily  divided  into  100  equal 
parts,  and  it  follows  that  the  motion  of 
the  index  through  one  of  these  parts 
corresponds  to  one-hundreth  part  of  a 
complete  revolution : since,  in  a com- 
plete revolution,  the  screw  moves 
through  the  fiftieth  part  of  an  inch,  it 
follows,  that  when  the  index  moves  over 
one  division  of  tlie  circle,  the  screw 
moves  through  the  five-thousandth  part 
of  an  inch. 

A screw  constructed  for  this  purpose 
is  called  a micrometer  screw  ; it  is  used 
with  great  effect  in  astronomical  instru- 
ments, where  very  minute  portions  of 
degrees  or  divisions  on  graduated  in- 
struments are  to  he  ascertained.  The 
limit  of  accuracy  of  any  dis-ided  instru- 
ment adapted  for  measuring  spaces  or 
distances  is  primarily  the  ma^tude  of 
the  smallest  division  on  it.  If  it  be  re- 
quired to  determine  tlie  distance  from 


any  given  division  to  a point  which  U 
plaCM  somewhere  between  two  divi- 
sions, it  is  easy  to  conclude  that  the 
distance  sought  is  greater  than  a certain 
number  of  divisions,  and  less  than 
a number  greater  than  that  by  one. 
But  how  much  sjeater  than  the  one  or 
less  than  the  other,  the  mere  gradua- 
tion of  the  instrument  does  not  indicate. 
Now,  suppose  that  a micrometer  screw 
is  placed  on  the  instrument,  its  length 
being  parallel  to  the  graduated  face, 
and  that  the  point  of  the  screw,  or  ra- 
ther, a wire  which  is  moved  by  the 
point  of  the  screw,  is  brought  exactly 
opposite  to  one  of  those  divisions  be- 
tween which  the  point,  whose  exact  po- 
sition is  to  be  determined,  lies.  If  the 
screw  be  turned  until  the  wire  is  moved 
by  its  point  from  coincidence  with  the 
adjacent  division  till  it  coincides  with 
the  point,  the  number  of  turns  of  the 
screw,  and  parts  of  a turn,  will  indicate 
exactly  the  distance  of  the  point  from 
the  aiqacent  division. 

We  may  give  an  example  of  the  ap- 
plication of  the  screw  to  this  purpose 
in  the  steel-yard  (44).  If  tlie  loop 
which  bears  the  sliding  weight  P carries 
inserted  in  it  a micrometer  screw,  the 
point  of  which  is  adjusted  so  as  to 
mark  the  place  on  the  graduated  arm 
G B,  at  which  the  weight  P is  to  be 
considered  as  acting  ; and  suppose  the 
screw  is  such,  that  in  sixteen  turns  its 
point  would  move  over  one  division  of 
the  arm,  which  we  will  suppose  gradu- 
ated for  pounds,— let  us  suppose  that 
when  the  weight  W is  counterpoised, 
the  point  of  the  screw  is  between  the 
tenth  and  eleventh  division  of  the  arm 
G B.  It  is  evident,  tlicn,  that  the 
weight  is  more  tlian  ten  pounds,  and 
less  than  eleven  pounds.  I.et  the  screw 
be  tiUTied  until  its  point  moves  from 
the  intermediate  position  to  tlie  tenth 
division,  and  note  the  numher  'of  turns 
— suppose  it  seven ; that  would  be  equi- 
valent to  seven-sixteenths  of  a division, 
or  seven-sixteenths  of  a pound,  that  is, 
seven  ounces.  The  weight  is.  therefore, 
ten  pounds  seven  ounces.  In  like  man 
ner,  if  there  had  been  but  turns,  the 
weight  would  be  1 0 pounds  5)  ounces, 
and  so  on. 

Hunter's  screw  is  peculiarly  well 
adapted  to  micrometrical  purposes,  be- 
cause it  gives  an  indefinitely  slow  mo- 
tion, without  requiring  a very  exquisite- 
ly fine  thread,  which  the  simple  screw 
would  require  in  this  case. 
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Chapter  W\.— Methods  of  regulating 
Machinery — Nature  of  a Fly-lVheel 
—its  power  of  regulating  force — its 
power  of  accumulating  force — In- 
stances—Nature  and  Properties  of 
the  Governor. 

(10.1.)  I.v  applying  force  to  impel  ma- 
chinery, for  the  purposes  of  manufac- 
ture, the  mere  transmission  of  the  ef- 
fect of  the  power  to  the  working  point 
is  not  the  only  end  to  be  attained.  It 
IS  most  frequently  necessary  that  the 
action  of  the  worKing  point  should  be 
steady  and  uniform,  and  not  subject  to 
irrefjular  or  desultory  changes,  occa- 
sioning jolts  in  the  machinery,  and 
sudden  inequalities  in  the  work.  The 
want  of  uniformity,  in  the  performance 
of  a machine,  may  arise  from  either  of 
three  causes.  First,  a want  of  uni- 
formity in  the  action  of  the  power,  or 
first  mover,  which  impels  the  machine. 
Thus,  for  instance,  in  the  single-acting 
steam-engine,  where  the  elastic  force 
of  steam  acts  upon  the  piston  during 
its  descent,  but  which  action  is  sus- 
pendeil  during  the  ascent.  Secondly, 
a want  of  uniformity  in  tlie  resistance, 
or  load  upon  the  machine  ; and,  thirdly, 
because  the  machine,  in  the  different 
positions  which  its  parts  assume  during 
the  motion,  transmits  the  impelling 
power  to  the  working  point  with  ^eater 
or  less  effect. 

One  of  the  most  simple  and  effectual 
methods  of  equalizing  these  irregula- 
rities, is  by  the  use  of  a fly-whbbl. 
A FLY-WHKHL  is  a heavy  disc,  or  hoop 
balanced  on  its  axis,  and  so  connected 
with  the  machinery,  as  to  turn  rapidly 
round  with  it,  and  so  as  to  receive  its 
motion  from  the  impelling  power.  Let 
us  suppose  a case  in  which  the  impel- 
ling power  is  perfectly  uniform,  but  the 
resistance  or  load  is  irregular  and  inter- 
mitting. Thus,  suppose  an  overshot 
water-wheel,  (Treatise  I.  Chap.V.)  urged 
by  a regular  and  uniform  fall  of  water, 
applied  to  work  a common  suction- 
pump.  (Pneumatics,  40.)  Here  the  im- 
elling  power  is  constant  and  uniform, 
ut  the  resistance  only  acts  during  the 
ascent  of  the  piston,  and  the  machine 
is  unloaded  during  its  descent.  As  the 
impelling  power  during  the  descent  of 
the  piston  has  nothing  to  overcome  ex- 
cept the  inertia  of  the  machine,  and  the 
friction  of  the  parts,  it  will  urge  the 
piston  down  with  a rapidly  accelerated 
force,  so  thrt  at  the  end  of  the  stroke 


the  piston  will  have  acquired  a eonsi- 
derable  velocity.  But,  in  the  ascent  of 
the  piston,  the  impelling  power  is  op- 
pose by  the  column  of  water  which 
the  piston  has  to  raise.  (Pneumatics, 
40.)  This  continually  retards  the 
wheel,  and  when  the  piston  has  reached 
the  summit  of  the  stroke,  all  its  former 
acceleration  is  destroyed,  and  the 
same  hobbling,  irregular  motion  is  con- 
tinued. If  a fly-wheel  be  attached  to 
such  a machine,  almost  all  this  irre- 
gularity will  be  removed.  When  the 
heavy  mass  of  the  fly-wheel  has  been 
put  m rapid  motion  by  the  impelling 
power,  it  will  produce  two  very  oovious 
effects : by  virtue  of  its  inertia,  it  will 
oppose  a considerable  resistance  to  any 
sudden  acceleration,  and  also  to  any 
sudden  retardation  of  its  motion ; that 
is,  it  has  a dispositioa  to  continue  the 
motion  which  nas  been  imparted  to  it, 
and  to  resist  the  reception  of  more. 
By  this,  on  the  ascent  oHhe  piston,  the 
weight  of  the  column  of  water  is  dragged 
up,  not  alone  by  the  energy  of  the  prime 
mover  as  before,  but  by  the  moving 
force  which  has  been  imparted  to  the 
fly-wheel,  and  which  that  wheel  endea- 
vours to  keep.  On  the  other  hand, 
when  the  piston  descends  unloaded,  the 
action  of  the  prime  mover  upon  it, 
which  before  caused  its  sudden  and 
rapid  acceleration,  is  now  intercepted 
by  the  fly-wheel,  which,  by  its  great 
inertia,  refuses  to  receive  that  rapid 
degree  of  acceleration  which  had  been 
before  produced. 

The  power  of  a fly-wheel  to  resist 
acceleration  is  proportional  to  the 
square  of  its  diameter,  and,  therefore, 
by  sufliciently  increasing  its  size  and 
weight,  we  may  be  enabled  to  equalize 
the  most  desultoiy  and  irregular  mo- 
tions in  the  machinery. 

In  the  example  which  we  have  just 
given,  there  was  a variable  resistance 
opposed  by  an  uniform  power.  The 
reverse  of  this  often  hap^ns,  and  a va- 
riable power  is  opposed  to  a constant 
resistance.  Thus,  in  the  single-acting 
steam-engine  already  alluded  to,  when 
the  piston  has  been  forced  down  by  the 
pressure  of  steam,  it  is  usually  drawn 
up  again  by  a weight  suspended  from 
the  opposite  end  of  the  beam.  In  this 
case  the  mover  is  very  unequal  and  de- 
sultory, and  would  never  serve  any 
purpose  in  which  uniformity  of  action 
IS  necessary.  But,  if  a fly-wheel  be 
attached  to  the  machine,  the  momen- 
tum which  it  acquires  during  the  de 
s 
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scent  of  the  piston,  it  will  retain,  by  and  the  resistance  arc  uniform,  the  one 
virtue  of  its  inertia,  during  the  suspen-  may  not  be  uniformly  transmitted  to  the 
sion  of  the  power  in  the  ascent ; and  other.  Suppose  that  piston  P,  work- 
this  force  will  drive  the  machinery,  or  ing  in  a oylinder  C,  is  connected  with 
act  against  the  resistance,  whatever  it  the  end  B of  a beam,  which  works  on 
be,  in  the  intervals  of  the  intermission  the  centre  A.  Tlie  other  end,  B',  of  the 
of  the  power.  beam,  is  connected  by  a rod,  B'  D,  with 

Even  where  both  the  impelling  power  a cn^  F G H I K,  which  is  turned 


round  the  axis  E F I K.  The  piston 
being  supposed  to  be  pressed  both  up- 
wards and  downwards  by  steam,  sup- 
pose  it  at  the  top  of  the  cj  lindcr,  as  in 
fg.  87.  The  end  B of  the  beam  will 
then  be  in  the  highest  position,  p\nd 
the  end  B'  in  the  lowest,  and  there- 
fore, the  crank  G H in  the  lowest  posi- 
tion. In  this  position,  let  us  suppose 
the  pressure  of  steam  to  urge  the  piston 
P downwards.  It  is  evident,  that  the 
piston  and  beam  have  no  power  what- 
ever in  turning  the  crank.  Tlie  piston 
being  pressed  downwards,  draws  the 
connecting  rod,  B'D,  directly  upwards. 
But  since,  in  the  present  position,  the 
reels  B'D,  E F,  F G,  G H,  H I,  and  I 
K,  are  all  in  the  same  vertical  plane, 
the  upward  force  of  B D is  resisted  by 
the  pivots  E K,  of  the  axis  of  the  crank, 
and  there  is  no  leverage  to  enable  the 
force  of  B'D  to  turn  the  crank.  Tlie 
machine  is,  therefore,  placed  in  that 
mechanical  dilemma  in  which  the  im- 
pelling power  loses  all  influence  in 
moving  it.  But  if  we  suppose  the  crank 
moveii  a little  out  of  this  position,  the 
rod  B'D  and  crank  cease  to  be  in  the 
same  vertical  plane,  and  the  rod  ac- 
quires a small  leverage  on  the  crank, 
by  which  it  turns  it.  This  leverage  con- 
tinues to  increase  until  the  plane  of  the 


crank  F G H I becomes  perpendicuhv 
to  the  connecting  rod,  as  represented  in 
/g.  88.  In  this  case,  the  power  of  the 
connecting  rod  over  the  crank  is  at  its 
maximum,  and  when  the  crank  is  fur- 
ther raised,  the  leverage  constantly 


Fig.  89. 


diminishes,  until  the  piston  reaches  the 
bottom  of  the  cylinder,  and  the  crank 
attains  its  highest  position,  as  in  yfg. 
89.  Here,  again,  the  impelling  power 
loses  all  influence  on  the  crank.  Sup- 
pose the  pressure  of  steam  to  urge  the 
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pinton  vjnpardt;  the  eoraiectine  rod 
B'D  would  thereby  be  pressed  down- 
wards ; but  since  the  crank  and  rod  are 
now  in  the  same  vertical  plane,  the 
pressure  of  the  rod  will  be  entirely  spent 
on  the  pivots,  and,  having  no  leverage, 
cannot  turn  the  crank.  Thus,  it  ap- 
pears that  when  a machine  is  con- 
structed in  this  way,  an  uniform  action 
of  the  first  mover  will  be  modified,  and 
rendered  desultory  and  variable,  and  at 
certain  moments  totally  destroyed  by 
the  nature  of  the  machinery  by  which  it 
is  .transmitted  to  tlie  working  point. 
I f,  however,  on  the  axis  of  the  crank 
a FLY-wHKKL  (L  M,  fig.  87)  be  fixed 
so  as  to  turn  with  the  crank,  this  incon- 
venience will  be  completely  removed. 
The  moving  force  of  the  fly-wheel  will 
extricate  the  machine  from  the  dilem- 
mas in  which  it  is  involved  at  those 
moments  at  which  the  impelling  force 
loses  its  power  over  the  crank,  and  it 
will  equahze  the  effects  of  the  varying 
lever.ige  by  which  the  first  mover  acta 
on  the  crank. 

A very  remarkable  instance  of  the 
use  of  a fly  occurs  in  the  engine  con- 
structed by  Mr.Vauloue,  for  diivingthe 
piles  of  Westminster  bridge.  In  this 
machine,  a heavy  mass  is  elevated  by 
horse-power  acting  upon  it  through  the 
intervention  of  a rope  and  wheel-work, 
and  when  it  has  reached  a considerable 
height  it  is  disengaged,  and  permitted 
to  fall  upon  the  pile  which  is  to  be 
driven.  Now  the  moment  this  mass 
is  disengaged,  the  machine  havii^  no 
resistance,  and  the  horses  being  relieved 
from  the  wdght  they  before  encounter- 
ed, would  immediately  fall  forward. 
This  is  prevented  by  connecting  the 
wheel-work  with  a heavy  fly,  the  iner- 
tia of  which  opposes  the  strength  of  the 
animals  when  they  are  suddenly  relieved 
from  the  weight  of  the  elevate  mass. 

The  advantages  of  a fly-wheel  are 
sensibly  perceptible  when  a man  acta 
upon  a ttinch  (fig.  34).  In  this  case  the 
action  of  the  power  is  very  unequal ; its 
effect  is  greatest  when  he  pulls  upwards 
from  the  neight  of  his  knee,  and  least 
when,  the  handle  being  in  a vertical 
position,  he  thrusts  from  him  in  an 
Iiorizontal  direction.  Tlie  force  is  in- 
creased whcn.pressinglhc  handle  down- 
wards, he  is  a.ssisted  his  own  weight. 
If  a fly  be  placed  upon  the  axis  of  the 
winch,  all  these  unequal  effects  run  into 
one  another,  and  the  force  becomes  uni- 
form. 

Besides  the  use  of  a fly,  in  regulating 
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the  action  of  machinery,  it  is  employed 
for  the  purpose  of  accumulating  or  col- 
lecting together  successive  exeiiipns  of 
a power,  so  as  to  produce  a much  more 
forcible  eSect  by  their  aggrra^tion  than 
could  possibly  be  done  by  the  separalo 
and  successive  actions.  In  this  respect 
a fly-wheel  serves  the  same  purpose  as 
condensed  air  (Treatise  I.  56).  If  a 
small  force  be  repeatedly  applied  in 
giving  rotation  to  a fly-wheel,  and  be 
continued  until  the  wheel  has  acquired 
a very  considerable  velocity,  such  a 
quantify  of  force  will  be  at  length  ac- 
cumulated in  its  circumference  as  to 
overcome  resistance  and  proihice  ef- 
fects utterly  disproportionate  to  tho  im- 
mediate action  ol  the  original  foree. 
Thus  it  would  be  very  easy  in  a few 
seconds,  by  the  mere  nclion  of  a man's 
arm,  to  give  to  the  circumference  of  a 
fly-wheel  a foree  w hich  w ould  give  an 
impulse  to  a musliet  ball  equal  to  that 
which  it  receives  from  a full  chiuge  of 
powder. 

The  same  principle  explains  the  force 
with  which  a stone  may  be  projected 
fixtm  a sling.  The  thong  is  swung 
several  times  round  by  the  force  of  the 
atm,  until  a considerable  portion  of 
force  is  accumulated,  and  then  it  is 
projected  with  all  the  collected  force. 

If  a heavy  leaden  ball  be  attached 
to  the  end  of  a strong  piece  of  cane  or 
whalebone,  it  may  easily  lie  driven 
through  a board ; by  taking  the  end  of 
the  rod  remote  from  the  ball  in  the 
hand,  and  striking  the  board  a smart 
blow  with  the  end  bearing  the  ball,  such 
a velocity  may  easily  be  given  to  tho 
ball  as  will  drive  it  through  the  board. 

Much  of  the  eflicacy  of  a fly  depends 
on  the  position  assigned  to  it  in  the 
machine^.  If  it  be  used  as  a regulator 
of  force,  it  should  be  placed  near  the 
prime  mover;  but  if,  on  the  other  hand, 
it  be  used  as  a magazine  of  power,  it 
should  be  nearer  to  the  working  point. 
N o general  rules  can,  however,  oe  given 
for  its  exact  position. 

The  accumulating  power  of  the  fly 
has  led  some  persons  into  the  error  of 
supposing  that  it  adds  force  to  the  ma- 
chine, besides  what  is  received  from  the 
first  mover.  That  this  is  not  the  case  is 
very  pi, sin,  from  considering  the  perfect 
inactivity  of  matter,  and  its  incapaliility 
of  possessing  any  force  that  it  has  not 
received  from  some  effective  agent.  On 
the  contrary,  the  fly  never  retains  all  the 
force  communicate  to  it  liy  the  first 
mover,  for  lb«  reautance  of  the  air  ami 
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the  effects  of  fnction  rob  it  of  a certain 
part  of  this  force. 

A fly-wheel  is  not  the  only  regulator 
of  force,  and,  even  in  cases  where  it  is 
used,  we  are  sometimes  obliged  to  have 
recourse  also  to  other  contrivances.  In 
manufactures  it  generally  happens  that 
there  is  one  certain  and  determinate 
velocity  with  which  the  machinery 
should  be  moved,  and  which,  if  in- 
creased or  diminished,  would  render  the 
machine  unfit  to  perform  the  work  it  is 
designed  to  execute.  Tlie  application  of 
a perfectly-uniform  power,  aided  by  a 
fly,  will  liot  effect  this.  For  suppose, 
as  very  frequently  happens,  the  resist- 
ance is  changed  by  some  of  the  ma- 
chines, which  are  worked,  being  thrown 
out  of  gear  or  an  increased  number  put 
on,  the  moving  power  having  the  re- 
sistance thus  dixmnished  or  increased, 
will  impart  a greater  or  a less  velocity 
to  the  machinery,  and  all  the  fly-wheel 
can  do  in  this  case  is  to  maintain  the 
velocity  uniform  after  it  has  been  so  in- 
creased or  diminished. 

To  maintain  an  uniform  velocity  with 
a varying  resistance,  one  of  tlie  most 
beautiful  contrivances  ever  used  is  the 
governor^  an  instrument  used  in  mill- 
work,  but  the  application  of  which  is 
most  conspicuous  in  the  steam-engine, 
when  that  machine  is  applied  to  manu- 
facturing pureoses.  The  principle  on 
which  me  efficacy  of  this  instrument 
depends,  is  easily  explained. 


Let  A B be  a vertical  axis,  which  is 
BMtde  to  revolve  by  the  bevelled  wheel  A, 


acted  on  by  the  other  parts  of  the  ma- 
chinery, and  so  that  it  always  revolves 
mth  a velocity  proportional  to  that  of 
the  fly-wheel.  Tavo  heavy  balls  C C'  are 
attached  to  metal  rods,  which  work  on 
a pivot  at  B,  so  that  they  are  capable 
of  receding  from  the  axis  A B.  As 
th^  recede  from  the  axis,  the  joints 
D jy  recede  from  one  another,  and  the 
joint  E is  drawn  down.  Tliis  joint  E is 
connected  with  Uie  end  of  a lever  or  a 
system  of  levers,  the  action  of  wliich 
we  shall  presently  explain. 

Now,  by  the  revolution  of  the  spindle 
or  axis  A B,  the  halls  C C'  acquire  an 
obvious  tendency  to  fly  off  from  tlie 
axis,  and  this  tendency  is  resisted  by 
their  weight,  so  that,  when  the  instru- 
ment is  revolving  with  a certain  velo- 
city, the  balls  will  remain  suspended. 
The  properly,  from  which  this  appa- 
ratus derives  its  whole  efficacy,  is,  that 
at  whatever  distance  or  in  whatever  po- 
sition tile  balls  remain  suspended,  and 
neitlier  move  to  or  from  the  axis,  the 
spindle  A B must  be  revolving  witli  tlie 
same  velocity.  A greater  velocity  would 
cause  the  bdls  to  flv  farther  off,  and  a 
lesser  velocity  would  cause  them  to  fall 
towards  the  axis*. 

If  the  action  of  the  levers  with  which 
the  joint  E is  connectetl,  be  directed 
upon  the  first  mover,  in  such  a manner, 
that  its  energy  is  diminished  when  E is 
depressed,  and  increased  when  E is 
elevated,  it  is  plain  that  the  uniformity 
of  velocity  which  is  sought  may  be 
obtained.  Let  us  suppose  that  the 
levers  on  which  E works  communicate 
with  a valve  which  admits  steam  to  the 
piston  of  a steam-engine  to  which  tiiis 
governor  is  apjilied ; and  suppose  that, 
when  E is  raised,  and  the  balls  C 
rest  in  tlieir  seats,  the  valve  is  fully 
open,  so  as  to  allow  the  steam  to  flow'  in 
a full  stream  to  the  piston ; hut  that 
acconling  as  E is  depressed  the  levers 
gradually  close  the  valve,  so  as  to  admit 
the  steam  in  a constantly  diminished 
quantity.  Now,  suppose  that  the  engine 
has  been  working  twenty  printing- 
presses,  and  that  the  action  of  ten  of 
them  is  suddenly  susjjendetl.  The 
engine  thus  loses  half  its  load,  and 
would,  if  the  same  power  of  steam  con* 
tinned  to  be  admitted,  move  with  about 
twice  its  fomier  velocity.  But  the  mo 
ment  an  increased  velocity  is  jHjrceived 


• Thii  it  ttricUy  true*  onlr  when  Ihe  ran*f  of  lh« 
U imall  cotTi'p.'iretl  with  the  icii(;:th  o(  the  ruds 
to  whtrh  they  are  attached,  which,  bowever,  >«  al- 
F>^y>  (he  ca»c  iu  practice. 
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m the  tnnchine,  the  balls  C C'  recede 
from  the  axis,  draw  down  the  joint  E, 
partially  close  the  valve,  and  check  the 
supply  of  steam  to  the  cylinder.  The 
ini(«llinc  power  is  thus  diminished ; 
and  if  it  be  diminished  in  exactly  the 
same  dc^e  as  the  load,  the  machine 
w ill  move  with  its  former  velocity  ; hut 
if  it  should,  at  first,  be  more  diminished, 
the  velocity  will  he  less  than  its  former 
velocity,  and  the  halls  will  again  move 
towai-ds  the  axis  and  open  the  valve, 
and  will,  at  leni^h,  settle  into  that  posi- 
tion in  which  the  steam  admitted  to  the 
cylinder  is  exactly  proportioned  to  the 
loiul  on  the  machine  ; and  tlie  proper 
velocity  will  thus  be  restored. 

By  this  exquisite  contrivance,  there- 
fore, however  the  load  or  resistance 
may  from  time  to  time  he  varierl,  the 
velocity  will  be  const.antly  the  same,  the 
impelling  power  l>eing  varied  in  exactly 
the  same  proportion  as  the  resistance. 

There  are  various  other  contrivances 
for  regulating  the  motion  of  machinery, 
amongst  w hich  the  pendulum  of  a clock 
may  he  mentioned.  Our  limits  preclude 
us  from  prosecuting  this  interesting 
subject  further  in  this  place.  We  may 
refer  the  reader  to  the  second  volume  of 
Hr.  Brewster's  edition  of  Ferguson's 
Mechanics  for  some  valuable  informa- 
tion on  this  sulncct ; as  also  to  the  se- 
cond volume  of  Dr.  Gregory's  Mecha- 
nics, article  " Scapememts." 

CnAPTRR  XIII. — On  Mechanical  Con- 
trivances for  Modifi/ing  Motion, 

tl04.)  We  have  frequently  stated,  that 
one  of  the  great  ends  to  he  attained  by 
machinery  is  the  change,  or  modifica- 
tion of  motion.  Our  impelling  power 
may  he  rectilinear  when  a circular  mo- 
tion may  be  i-equired  in  the  working 
point,  or  the  impelling  power  m.ay  be  al- 
ternate, or  reciprocating,  when  the  force 
required  at  the  working  point  is  continu- 
ous. In  a word,  the  motion  of  the  im- 
jielling  power  may  be  of  any  one  species, 
and  that  required  at  the  working  point 
may  be  of  any  otlier  species.  It  is,  there- 
fore, a very  important  problem  to  assign 
the  nature  of  the  machinery  wliich 
should  be  interposed  between  a given 
imi>elling  power  and  the  w orking  point, 
so  as  to  produce  at  that  point  the  effect 
remiired. 

Tliis  problem,  in  its  most  general 
form,  it  is  evidently  impossible  to  solve ; 
nor  is  it  easy  to  enumerate  all  ttie  dif- 


ferent motions  which  the  impelling 
power  may  have,  nor  the  various 
motions  which  these  may  be  required 
to  produce  at  the  working  point.  Gene- 
rally speaking,  however,  the  motions 
which  we  mebt  with  in  the  use  of  machi- 
nerv  may  be  resolved  into  rectilinear 
and  circular,  that  is,  one  in  which  the 
points  of  the  moving  part  describe  pa- 
rallel straight  lines,  or  one  in  which 
they  move  in  circles  round  a common 
centre  or  axis.  Tlicse,  again,  may  he 
divided  into  continued  and  alternate,  or 
reciprocating.  That  is,  the  point  which 
moves  in  a straight  line  may  move  con- 
tinually in  the  same  direction,  or  it  may 
move  backwards  and  forwaftls,  or  up- 
wards and  downwards,  its  range  being 
limited  by  two  points  on  the  straight 
line  in  which  it  moves.  Again,  if  the 
point  move  in  a circle,  it  may  move 
constantly  round  the  centre  in  the  same 
direction  with  a continued  rotatory  mo- 
tion ; or,  on  the  other  hand,  it  may  only 
move  over  an  arc  of  the  circle  in  one 
direction,  and  then  return  through  that 
arc  in  the  opposite  direction,  and  so  on 
alternately,  having  a vibrating  or  reci- 
procating motion  m the  circular  arc. 

The  motions  which  we  have  to  con- 
sider may  then  be  resolved  into  the  four 
following : — 

1.  Continued  rectilinear  motion. 

2.  Kecipt'oeating  rectilinear  motion, 

3.  Continued  circular  motion. 

4 . Reciprocating  circidar  motion. 

We  shall  devote  the  present  chapter  to 
explain  some  of  the  contrivances  by 
which  each  of  these  may  be  modified 
or  converted  one  into  another. 

(105.)  7b  convert  continued  rectilinear 
motion  in  any  one  direction  into  con- 
tinued rectilinear  motion  in  any  other 
direction. 

If  the  directions  of  the  two  motions 
be  in  the  same  plane,  this  may  evidently 
be  effected  by  a fixed  pulley.  But  if 
the  directions  lie  in  different  planes,  two 
fixed  pulleys  will  be  requisite.  One  being 
in  the  plane  of  the  direction  of  one  mo- 
tion, and  tlie  other  in  the  plane  of  the 
direction  of  the  other  motion. 

In  fg.  91,  a contrivance  is  repre- 
sented, by  which  a rectilinear  motion  in 
one  direction  is  made  to  produce  a rec- 
tilinear motion  in  a direction  at  tight 
angles  to  the  former.  The  inclined 
plane  or  wedge  A B,  is  moved  under 
C D,  which  is  connected  by  guides  with 
the  pillars  of  the  frame.  It  is  evident, 
that  as  A B advances  from  A t<). 
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Wants  B,  C D rises  in  the  vertical  direc- 
tion. 

Fig.  91. 


The  wind  acting  on  the  sails  of  a 
ship  in  one  direction  gives  the  vessel  a 
rectilinear  motion  in  another  direction. 

( 1 OG.)  To  convert  continual  rectilinear 
motion  into  reciprocating  rectilinear 
motion. 

Let  A B be  a chain  furnished  with 
wipers  in,  n,  o.  Let  B be  a frame 
loaded  with  weights  and  furnished  with 
a wheel  C,  and  let  Uie  frame  be  so  fi\ed 


tliat  it  is  nrcapable  of  any  but  a verti- 
cal motion.  As  the  chain  is  moved 
continually  in  the  direction  A B,  the 
wheel  C running  up  tlic  surfaces  of  the 
wipers  Will  l>e  elevated,  and  when  it 
passes  the  i>oint  of  each  wiper  it  will 
fall  into  tile  space  between  that  and  the 
succeeding  one,  and  thus  the  frame  B 
will  acquire  a rectilinear  motion  up- 
wards and  downwards. 

(107.)  To  convert  a continued  rectili- 
near motion  into  a continued  circular, 
or  vice  vereil, 

Tliere  are  various  methods  of  effect- 
ing this.  The  wheel  and  axle  is  an 
obvious  instance  where  the  continued 
rotation  of  the  power  produces  the  con- 
tinued rectilinear  ascent  of  the  weight, 
or  if  the  weight  be  permitted  to  descend, 
its  continued  rectilinear  descent  will 
give  a continued  rotation  to  the  wheel. 

This  may  also  be  clfected  by  a toothed 
wheel  working  in  a rack.  A rack  is  a 
straight  bar  on  w hich  teeth  are  raised. 
If  such  a bar  be  plaucd  in  connexiou 


vrith  a wheel  on  which  sinular  teeth  are 
raised,  the  continued  rectilinear  motion 
of  the  rack  will  produce  continued  cir 
eular  motion  in  the  wheel,  and  vice  verti, 

A strap,  or  belt,  passing  round  a 
wheel,  and  turning  it  by  its  friction  with 
the  surface  or  groove  in  wliich  it  works, 
will  attain  the  same  end  where  the  re- 
sistance is  not  very  great.  An  endless 
strap  may  be  used,  m wiiich  case  two 
wheels  will  be  necessary. 

But  in  cases  where  much  resistance 
is  to  be  overcome,  tlic  friction  of  the 
strap  with  the  smiace  of  the  wheel  would 
not  tie  sufficient  to  transmit  the  force. 
In  lliis  case,  however,  a chain  and  rag- 
wheel  may  be  userl.  The  chain  some- 
times lays  hold  of  pins  or  hooks  in  tlic 
wheel,  as  represented  in  /ig.  93,  and 


Fig.  93 


sometimes  carries  . Fig.  91- 
jiiiis  upon  it,  wliich 
enter  notches  in 
the  circumference 
of  the  wheel,  as  in 
fg.  M. 

A common  screw 
offers  an  instance 
of  the  conversion  o. 
continuetl  circular 
motion  into  conti- 
nued rectilinear. — 

■nic  power  applied  to  the  head  of  the 
screw  moves  with  continued  ciicular 
motion,  and  the  screw  itself  ailvaiices 
with  continued  lectilinear  motion. 

The  paddle-wheels  of  a steam-boat 
and  an  undershot  water-wheel  arc  ex- 
amples of  a continued  rectilinear  motion 
produced  by  a continued  circular,  and 
of  a continued  circular  produced  by  a 
continued  rectilinear. 

An  overshot  or  breast-wheel  is  an 
instance  of  continued  rectilinear  motion 
producing  continued  circular;  also  the 
w ind,  acting  on  the  arms  of  a windmill, 
is  another  example  of  the  same  effect. 

The  screw  of  Archimedes  is  an  in- 
stance of  a continued  circular  motion 
producing  a continued  recUlinear  one, 
(See  H'jdraulict,  chap,  ii.) 
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Barker's  mill  is  a remarkable  instance 
of  a continued  rectilinear  motion  pro- 
ducini;  a continued  circular  one. 

(108.)  To  convert  a continued  recti- 
linear  motion  into  a reciprocating  cir- 
cular motion,  or  vice  vereA. 

fig,  95 . One  method  of  ef- 

fecting this  is  by  a 
rack  f>l  N,  (Jig.  95.) 
in  the  teeth  of  which 
the  end  B of  a lever 
A B works.  As  the 
rack  M N descends, 
the  end  of  the  lever 
falls  from  one  tooth 
to  another,  and  the  end  A moves  al- 
ternately up  and  down  in  a small  circu- 
lar arc. 

A method  of  producing  cither  a rcci  • 
procating  circular  motion  from  a con* 
tinned  rectilinear  motion,  or  a conti 
nued  rectilinear  from  a reciprocating 
circular  motion,  is  represented  in  Jig. 
96.  ABCD  is  a double  rack,  lur- 


Pig-^ 


nishnl  with  teeth  at  intervals,  the  parts 
of  A B,  which  bear  teeth,  being  opposite 
to  those  parts  of  C D which  are  free 
from  them  ; a 6 c d is  a wheel  bearing 
teeth,  corresponebng  to  tliosc  of  the 
rack.  Suppose  the  rack  in  its  highest 
position,  and  the  first  tooth  h of  the 
wheel  engaged  with  the  lowest  tooth  on 
the  rack  C D.  As  the  rack  descends, 
tlie  teeth  b a are  successively  engaged 
with  the  corresponding  teeth  of  the 
rack,  and  the  wheel  revolves  until  the 
last  tooth  a is  passed  by  the  last  tooth 
of  the  fii-st  set  on  the  rack  C D.  At 
this  moment  the  lowest  tooth  d on  the 
other  side  of  the  wheel  is  seized  by  the 
lowest  tooth  of  the  first  set  on  the  rack 
A B ; and  after  this,  the  teeth  d c arc 
successively  enp™l  by  those  of  the 
rack,  and  the  whed  is  turned  in  the  di- 
rection contraiy  to  its  former  motion. 
As  the  rack  continues  to  descend,  the 


same  reciprocating  circidar  motion  con- 
tinues to  be  produced  in  the  wheel. 

The  motion  may  be  continued  with- 
out limit  by  using  two  chains,  bearing 
teeth  at  intervals,  working  on  two  pair 
of  rag-wheels. 

The  lever  of  La  Oarouete  is  a con- 
trivance by  which  a reciprocating  cir- 
cular motion  produces  a continued  rec- 
tilinear one.  M N (jig.  97.)  is  a fixed 
Fig.  97. 


shaft,  in  which  a centre  is  placed  at  C, 
on  which  the  lever  A B woAs.  F (}  is 
a rack,  w hich  is  capable  of  lieing  raised 
in  the  vertical  direction.  This  is  effected 
by  two  bars  D E,  D'  E',  placed  on  joints 
at  D,  D'.  When  the  extremity  A de- 
scends, the  point  D'  rises,  and  the 
hook  E',  being  engaged  with  a tooth  of 
the  rack,  draws  it  up.  The  hook  E in 
this  process  falls  from  one  tooth  of  the 
rack  to  the  tooth  immediately  under  it. 
When  B is  depressed,  and  D rises,  the 
same  effects  take  place,  but  on  differ- 
ent  sides  of  the  rack. 

Tluis,  the  reciprocating  circular  mo- 
tion of  the  lever  A B produces  a conti- 
nued rectilinear  motion  in  the  rack  F G, 
The  term  continued  rectilinear  motion 
here  means  rectilinear  motion  which  is 
abyays  in  the  same  direction ; for, 
strictly  speakinp,  the  motion  is  not  con- 
tinued, since  it  is  intermitting. 

(109.)  To  convert  reciprocating  rec- 
tilinear motion,  in  one  direction  and 
tcith  one  velocity,  into  reciprocating 
rectilinear  motion  in  another  direction 
and  tcith  another  velocity. 

If  the  velocities  of  the  two  motions 
were  equal,  and  the  directions  in  the 
same  plane,  this  might  be  effected  by  a 
strap  passing  over  a wheel,  the  part  of 
the  strap  on  one  side  of  the  wheel  lieing 
in  one  of  the  given  directions,  and  that 
on  the  other  side  in  the  other  given  di- 
rection. If  friction  were  insufficient,  a 
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rag-whed  and  chain  might  be  used,  and 
if  the  directions  be  in  different  planes 
two  wheels  will  be  necessary. 

If,  however,  the  velocities  be  differ- 
ent, other  means  must  be  resorted  to. 
If  the  two  directions  be  in  the  same 
plane,  two  racks  may  be  worked  by  the 
sectors  of  two  wheels  mo«ng  on  the 
same  axle,  the  magnitudes  of  the  sectors 
being  proportional  to  the  two  velocities. 
Such  an  apparatus  is  represented  in 
Jtg.98.  If.  however,  the  two  directions 
Fig.  98. 


be  in  different  planes,  the  motion  must 
be  transmitted  from  the  one  rack  to  the 
other  by  the  aid  of  bevelled  wheels. 

Rag-wheels  and  chains  may  evidently 
be  used  in  tliese  cases  for  racks. 

(110.)  To  convert  a reciprocating  rec- 
tilinear motion  into  a continued  circu- 
lar motion,  and  vice  vert  A. 

The  methods  of  producing  these  ef- 
fects are  very  numerous.  A continuous 
circular  motion  will  produce  a recipro- 
cating rectilinear  one,  if  a wheel  hav- 
ing wipers  on  its  circumference  be 
placed  in  connection  with  a vertical 
beam  or  stamper,  on  which  a projecting 
shoulder  or  pin  is  raised,  by  which  the 
beam  is  lift^  by  each  wiper,  and  falls, 
when  disengaged  from  it,  by  the  revo- 
lution of  the  wheel : it  is  then  lifted  by 
the  next  wiper,  and  so  on. 

Also,  if  a vertical  beam  be  terminated 
in  a rack  which  is  connected  with  a 
wheel  wliich  has  teeth  only  on  apart  of 
its  circumference.  While  the  toothed 
part  of  the  wheel  is  engaged  with  the 
rack,  the  beam  will  be  raised,  and  the 
moment  the  last  tooth  of  the  wheel 
passes  the  rack,  it  will  fall.  It  will  be 
again  raised  when  the  teeth  engage 
the  rack,  and  so  motion  is  continued. 

In  this  case,  the  motion  of  the  rack 
in  one  direction  is  produced  by  its 
weight,  or  that  of  the  beam,  or  stamper, 
with  which  it  is  connected.  It  is  easy 
to  make  the  wheel  itself  produce  both 
laotions  in  the  rack.  Iny^.99  is  repre- 


sented a double  rack.  Fig.  99. 
worked  by  a wheel  par- 
tially furnished  with 
teeth.  As  tile  wheel  P is 
turned  in  the  direction  of 
the  arrow,  its  teeth,  be- 
ing previously  disengaged 
from  those  or  the  rack,  B 
D,  will  commence  to  work 
in  tliose  of  A C,  and 
will  evidently  press  the 
rack  down.'  When  the 
last  tooth  of  the  wheel 
has  passed  the  rack  A C, 
this  downward  motion  will 
cease,  and  the  teeth  will 
become  engaged  with  those  of  the  rack 
B D,  and  the  rack  will  accordingly  be 
rtused ; and  by  continuing  the  rotation 
of  the  wheel  r in  the  same  direction, 
the  rack  will  be  alternately  elevated  and 
depressed. 

^is  may  also  be  effected  by  a simple 
method, *i-epresentcd  in yfg.  100,  where 
M N is  a beam  moving  in  guides  c.  d 
and  ef:  a 6 is  a bar  moving  on  joints, 
or  pivots,  at  a and  b,  and  A is  a wheel 
turned  by  a winch  A H,  or  othenvise. 


Fig.  101. 


As  the  wheel  revolves,  tlie  bar  o i is 
evidently  alternately  pressed  upwards, 
and  drawn  downwimfs,  and  by  this  the 
beam  M N is  moved  alternately  up- 
wards and  downwards  between  tlie 
guides. 

In  fig.  101  is  represented  a method 
similar  to  that  shown  in  fig.  99,  but 
each  rack  is  furnished  with  but  one 
tooth.  In  this  case  the  pins  or  teeth  of 
the  wheel  alternately  raise  and  depress 
the  rack,  in  the  same  manner  as  in  fig. 
99. 

A very  ingenious  contrivance,  for 
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producing  the  same  eft'ect  is  repre- 
sented ill  /ig.  102.  When  the  pinion 
Fig.  102. 


P has  worked  in  one  side  of  llie  rack,  it 
acts  upon  the  teeth  in  the  semi-circular 
end,  hy  which  it  gives  the  rack  a slight 
lateral  motion,  which  is  permitted  hy 
the  joints  a b and  c d.  The  pinion  then 
engages  the  teeth  of  the  rack  on  the 
contrary  side,  and  moves  it  in  the  oppo- 
site direction,  and  so  thf  process  is  con- 
tinued. 

In  fig.  1 03  is  represented  a contri- 


vance for  producing  an  aitemate  rec- 
tilinear motion,  by  a continued  circular. 
A B is  a wheel  turned  by  a winch  or 
olhcnvise,  and  bearing,  in  the  manner 
of  a crown-wheel,  teeth,  the  form  of 
which  may  be  adapted  to  the  circum- 
stances of  the  case.  A rod,  a b,  plays 
in  guides  m n,  and  has  one  end  tearing 
on  the  teeth  of  the  wheel,  while  the 
other  end  presses  against  a spring  t. 
As  the  wheel  is  turned,  the  rod  is 
forced  in  the  direction  a 6 by  the  teetli ; 
and  as  it  passes  the  top  of  each  tooth, 
it  is  forced  back  in  the  direcbon  fr  a by 
the  spring.  Thus  the  rod  a b lias  a re- 
ciprocating rectilinear  motion,  Tliis 


machine  has  been  applied  by  M.  Zureda 
for  pricking  holes  in  leather,  for  making 
cards,  and  has  also  been  employed  in 
the  manufacture  of  fisliing  nets. 

M.  Zureda  has  also  contrived  a very 
ingenious  piece  of  mechanism  for  con- 
verting a continued  circular  into  a reci- 
procating rectilinear  motion.  A cylinder 
rests  in  a fixed  frame,  on  pivots,  and  is 
turnctl  by  a wincli,  or  otherwise,  round 
its  axis.  On  the  surface  of  this  cy- 
linder a spiral  groove  is  cut,  similar  to  1 he 
tliread  of  a screw.  This  spiral  groove, 
w hen  it  reaches  the  end  of  the  cylinder, 
meets  anoUier  similar  groove,  which 
traverses  the  cylinder  in  the  opposite 
direction,  and  which  runs  into  the  first- 
mentioned  groove  at  the  opposite  end  of 
the  cylinder.  A pin  is  passed  through  a 
gioove,  cut  through  and  through  a 
straight  beam,  which  is  placed  over 
the  cylinder,  and  paiallel  to  its  length. 
Tlie  end  of  this  pm  falls  into  the  spiral 
groove  in  the  cylinder.  As  tlie  cylinder 
IS  turned  round  its  axis,  the  pin  is 
moved  along  the  spiral  groove,  so  as  to 
be  urged  from  one  end  of  the  straight 
beam  to  the  other,  moving  in  the  groove 
cut  through  that  beam.  When  it  ar- 
rives at  the  end  of  the  cylinder,  it  passes 
from  the  spiral  groove,  in  which  it 
moved,  into  that  which  traverses  the 
cylinder  in  the  opposite  direction ; and 
the  pin  is  thus  moved  back  towards  the 
opposite  end  of  the  straight  beam,  and 
so  the  process  is  continued. 

In  fig.  104,  a very  simple  contrivance 
Fig.  104. 
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for  attunine'  the  imme  end  is  represent- 
ed. A B is  a wheel  turned  by  a winch 
H or  otherwise  ; a i is  a beam,  which 
moves  Uirou^h  the  guides  m n.  At- 
tached to  this  beam  is  a cross-piece 
D E,  having  a groove  p q cut  in  it. 
This  groove  receives  a pin  c,  which 
projects  from  the  wheel  A B.  As  tiie 
w heel  revolves,  the  pin  c moves  in  the 
groove  from  pto  q and  from  q to  p al- 
ternately, and  evidently  raises  and  de- 
presses the  beam  a b through  the  guides 
m n.  The  vertical  action  of  tlie  pin  c 
on  the  sides  of  the  groove  a 6 is  variable, 
and  gives  the  beam  a 6 an  unequable 
motion.  This  defect  may  be  removed 
by  forming  the  sides  of  the  groove  into 
proper  curves,  so  that  the  action  of  the 
pin  may  l>e  rendered  perfectly  equable. 

Another  very  ingemous  contrivance  is 
represented  in  ftg.  IDS.  A B is  a double 
Fig.  105, 


rack,  with  circular  ends  fixed  to  a beam, 
capable  of  moving  in  the  direction  of 
its  len^i.  This  rack  is  driven  by  a 
jiinion  P,  which  moves  in  a groove  m n 
cut  in  the  cross-piece,  n^hen  the 
pinion  has  moved  the  rack  and  beam 
until  it  comes  to  the  end  B,  the  project- 
ing piece  a meets  the  spring  *,  and  the 
rack  is  pressed  against  the  pinion.  The 
pinion,  then  working  in  the  circular  end 
of  the  rack,  will  be  forced  down  the 
groove  m n until  it  works  in  the  lower 
side  of  the  rack,  and  moves  the  beam 
back  in  the  opposite  direction ; and  in 
tliis  way  the  motion  is  continued. 

Another  elegant  contrivance  is  repre- 
sented in 1 UB,  where  A B is  a wheel 
having  teeth  in  the  inner  part  of  its  rim. 
This  wheel  is  fixed  so  as  not  to  revolve ; 
C is  a wheel  of  half  the  diameter  of  the 
former,  and  having  teeth  on  its  outer 
edge,  which  work  in  the  teeth  of  the 
fixed  wheel.  As  Oie  wheel  C is  turned 
on  its  axis,  it  traverses  the  inner 
circumference  of  the  wheel  A B,  the 
centre  C describing  a circle  round  the 
centre  of  the  fixed  wheel.  Now  it  may 
be  proved  geometrically,  that  any  point 
on  the  circumfei'cnce  of  tlie  wheel  C 
will  move  along  a diameter  of  the  tfvheel 


Fig.  106. 


A B in  one  revolution  of  the  wheel  C, 
and  will  return  along  the  same  diameter 
the  next  revolution : this  may  be  proved 
as  follows : — 

Let  C,fig-  107,  be  the  centre  of  the 
Fig.  107. 


A 


fixed  wheel,  and  let  A C be  the  initial 
position  of  the  revolving  one.  Let  the 
revolving  wheel  roll  over  the  arc  A B, 
so  as  to  assume  the  position  C B.  It  is 
evident,  then,  tliat  an  arc  of  the  lesser 
circle,  which  is  equal  to  A B,  has  rolled 
over  A B.  But  by  tlie  established 
principles  of  geometry,  an  arc  of  the 
lesser  circle,  equal  to  the  arc  A B,  sub- 
tends at  its  centre  an  angle  which  bears 
to  the  angle  A C B the  same  proportion 
as  tlie  diameter  of  the  greater  circle 
bears  to  that  of  the  lesser,  tliat  is,  two 
to  one.  Hence,  the  arc  of  the  lesser 
circle,  which  has  rolled  ovci-  A B,  sub- 
tends at  the  centre  of  the  lesser  circle 
an  angle  equal  to  twice  the  angle  ACB. 
To  the  point  where  the  lesser  circle  in 
the  position  A B intersects  C A,  draw 
the  hne  B E,  and^from  the  centre  of  the 
lesser  circle  drawT)  E.  The  angle 
B D E is  equal  to  twice  the  angle  B G 
A*,  and  therefore  the  arc  B E of  the 
lesser  circle  is  equal  to  the  arc  B A of 
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the  greater  circle.  Hence,  the  arc  B K 
is  ttwt  wliicti  has  rolled  over  B A,  and 
E is  the  point  of  the  leaser  circle,  which 
at  the  beginning  of  the  motion  was  at 
A,  and  it  is  now  found  on  the  line  A B. 
In  the  same  manner  it  may  be  proved 
that  this  point  is  found  on  the  diameter 
A,  F in  every  position  of  the  lesser 
circle.  When  the  lesser  circle  has  rolled 
over  a quadrant  of  the  greater,  the 
point  is  found  at  the  centre  C ; and  when 
it  has  rolled  over  a semicircle,  it  is  found 
at  the  otherextremity,F,  of  the  diameter. 
While  the  lesser  rolls  over  the  other 
semicircle,  the  point  returns  along  the 
diameter  F A to  A.  Thus  the  point 
alternately  moves  from  A to  F,  and  from 
Fto  A. 

A very  simple  and  obvious  contri- 
vance for  producing  a reciprocating 
rectilinear  motion  by  a continued  circu- 
lar one,  is  by  a crank  wrought  by  a 
winch.  A rope  attached  to  tlic  crank, 
and  passed  over  a fixed  pulley,  from 
which  a weight  is  suspended,  will  attain 
the  desired  end.  As  the  crank  revolves, 
the  weight  will  evidently  ascend  and  de- 
scend in  a straight  line. 

If  a connectmg  rod  be  carried  from 
the  crank  and  connected  by  a joint  with 
a straight  bar  or  beam,  which  moves  in 
guides,  this  bar  will  receive  a recipro- 
cating rectilinear  motion.  In  this  way 
the  piston  of  any  species  of  pump  may 
be  wrought  by  a continued  circular  mo- 
tion. Such  a contrivance  as  this  is 
used  in  the  apparatus  for  condensing 
gas,  in  the  portable  gas  manufacture. 

The  common  apparatus,  called  an 
eccentric,  may  be  made  to  produce  a 
similar  effect.  This  contrivance  con- 
sists of  a circular  metallic  ring,  the 
inner  surface  of  which  is  perfectly 
smooth.  This  ring  is  connected  by  a 
shaft  and  a Joint,  with  a straight  roa  or 
beam  moving  in  guides.  Within  the 
ling  is  fitted  a circular  metallic  plate, 
capable  of  fuming  freely  within  the 
ring,  the  surfaces  in  contact  being  per- 
fectly smooth,  and  lubricated  with  oil 
or  grease.  Tliis  circular  plate  revolves, 
but  not  on  its  centre.  It  turns,  in  fact, 
on  an  axis  at  some  distance  from  its 
centre,  the  effect  of  which  is,  that  the 
ling  within  which  it  turns  is  moved 
alternately  in  opimsitc  directions,  and 
through  a space  equal  to  twice  the  dis- 
tance of  the  axis  from  the  common 
centre  of  the  ring,  or  circular  plate. 
This  communicates,  through  the  shaft 
and  joint,  an  alternate  rcctihnear  motion 
to  the  rod  which  works  in  Uie  guides, 


St 

(1 1 1 .)  To  convert  a rcetprocaling  rec- 
tilinear moliort  into  a reaprocating  cir- 
cular one,  or  vice  vered. 

Tliis  is  one  of  the  most  useful  and 
important  changes  of  motion  which  can 
be  effected  by  machinery,  and  merits 
the  greatest  attention. 

A beam,  having  an  arched  head  at 
one  end,  bearing  teeth,  which  work  in  a 
rack,  the  opposite  end  being  moved  al- 
ternately in  a circular  arc,  will  move 
the  rack  alternately  in  a straight  line. 

Also,  if  a weiglit  be  suspended  by  a 
chain  which  hangs  on  the  arched  head 
of  a beam,  the  other  end  of  the  beam 
being  alternately  moved  in  a circular 
arch,  the  wdght  will  alternately  ascend 
and  descend  in  a vertical  straigiit  line. 

An  example  of  this  will  be  observed 
in  the  atmospheric  steam-engine,  and 
of  the  former  contrivance  in  tlie  earlier 
double-acting  steam-engines  of  Watt. 

A v^  neat  method  of  accomplish- 
ing this  change  is  represented  in  Jig. 
108.  A B is  a lever  tiu-iiing  on  the 


centre  C.  D E F is  a half-wheel,  to 
which,  at  the  extremities,  B F,  a rope 
or  strap  is  attached,  and  is  passed,  as 
represented  in  the  figure,  round  the 
wheels  or  sheaves  MN.  A reciproca- 
ting circular  motion,  in  the  ends  A B 
of  the  lever,  will  produce  a reciproca- 
ting rectilinear  motion  in  any  point  L, 
on  or  connected  with  the  rope,  and  vice 
vend. 

A common  bow  used  by  watchma- 
kers and  other  artists  for  drilling  hole.s, 
is  another  example  of  this.  The  bow- 
string is  rolled  once  round  a small  sheaf 
or  wheel  carrying  the  piercer,  and  an 
alternate  rectilinear  motion  in  the  bow 
produces  an  alternate  circular  motion 
in  the  wheel. 

But  by  far  the  most  remarkable 
method  of  converting  an  alternate  rec- 
tilinear motion  into  an  alternate  circu- 
lar one,  is  that  known  by  the  name  of 
the  parallel  motion,  and  invented  by 
Watt  for  his  double-acting  steam-engine. 

In  tliia  machiue  the  piston  is^  urged 
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upwards  and  downwards,  in  a very  exact 
atraixht  line,  and  any  force  winch  de- 
flects it  from  this  straight  line  will  injure 
or  destroy  the  operation  of  the  machine. 
The  end  of  the  lieam,  on  the  other  hand, 
with  which  the  piston-rod  is  to  be  con- 
nected, moves  alternately  in  a circular 
arc.  It  became  then  a difficult  problem 
to  connect  these  in  such  a manner  tliat 
a i>erfeclly  smooth  motion,  and  free 
from  strain,  should  be  imparted  from 
the  one  to  the  other  In.  the  first  in- 
stance, W att  placed  a rack  on  the  end 
of  tile  piston-rod,  which  worked  in  teeth 
raised  upon  the  circular  head  of  the 
beam.  It  was  found,  however,  that  this 
gave  an  uneven  jolting  motion,  and  was 
liable  to  rapid  wear.  He  soon  substi- 
tuted for  it  his  parallel  motion. 

The  lieara  turns  on  the  centre  C,  and 
its  end  B moves  alternately  in  a circu- 
lar are,  of  which  C is  the  centre  ; a rod 
F E plays  on  fixed  centre  F,  and  the 
end  E moves  in  a circular  arc,  with  that 
point  F as  centre.  Tlie  end  E of  the 
rod  F E is  connected  with  a point  D on 
the  arm  B C by  a rod  which  moves  on 
joints  at  H and  E.  In  this  arrange- 
ment it  w ill  be  observed,  that  the  points 


D and  E each  move  alternately  in  cir- 
cular arcs.  Now,  it  is  found  that  the 
middle  point  G of  the  bar  D E moves 
alternately  upwards  and  downwards  in 
a straight  line,  and,  therefore,  a piston 
rod  attached  to  the  point  G will  be 
moved  iipwiu-ds  and  downwards  in  a 
Straight  line*. 

Jointed  at  E is  another  rod,  AE, 
equal  to  B D,  and  another,  A B,  equal  to 
IJ  E,  jointed  at  -A  and  B.  The  figure 
A B I)  E is  evidently  a parallelogram, 
and  the  point  A moves  in  a line  similar 
and  parallel  to  that  described  by  G,  but 


* Strictly  apeaking,  the  pyith  of  the  point  Q not 
a fttroirht  Ime,  bot  is  a cnire  of  a hi^h  order.  Tb^t 
|Mrt  cf  the  carre.  howeret.  which  is  included  within 
the  rnnie  of  the  pi!>tOR-rod  lies  at  etjunl  di^Unces  on 
each  side  of  a petint  of  iitfieclitHi.  The  rndius  of 
conratare  it.  therefore*  inboite,  and  the  ennre 
differ!  imperceptibly  from  n straight  Use. 


longer  than  it,  m the  proportion  of  B C 
to  1) C. 

It  is  usual,  in  the  steam-engine,  to 
attach  the  great  piston  of  the  cylinder 
to  the  point  A,  and  the  piston  of  the 
aii^ump  to  the  point  G. 

Tne  most  common  proportion  of  the 
sevci  al  rods  forming  the  parallel  motion 
is  as  follows ; D is  at  the  middle  (loiiit 
of  B C ; F E is  equal  to  D C,  or  half  of 
B C.  Great  latitude  is  allowed  in  the 
length  of  D E.  Tlicre  are,  however, 
various  proportions  which  may  be  given 
to  these  rods,  and  for  which  we  refer  to 
works  on  the  Steam-engine. 

Another  contrivance  for  this  purpose 
is  represented  in  fy;.  110.  A B is  a 
wheel  capable  of  moving  round  an  axis 
or  spindle,  and  also  capable  of  moving 

Fig.  1 10 


longitudinally  on  it.  A rope  is  altached 
to  A,  and  passing  through  a hole  at  the 
top,C,ofthc  spindle,  or  axis, it  is  fastened 
at  B,  tlic  opposite  end  of  the  diameter 
of  the  wheel  which  passes  throiurh  A. 
By  turning  the  wheel,  tlie  rope  is 
twisted  round  the  spindle,  and  the  wheel 
drawn  up  towards  C;  and  a-s  the  rope  is 
again  untwisted,  the  wheel  descends  to 
its  former  position.  Or,  if  the  wheel 
be  incapable  of  a longitudinal  motion, 
but  the  spindle  CD  be  capable  of 
moving  longitudinally  through  it,  a si- 
milar effect  will  be  produced.  This  ap- 
aratus  may  be  used  for  drilling  or 
oring  with  the  point  D. 
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Another  contrivanee  for  the  same 
purpose  is  exhibited  in  fig.  111.  A B is 
a lever  working  on  the  centre  C.  B D 
IS  jointed  at  B to  the  extremity  of  this 
lever,  and  at  D to  a beam  a h,  which 
moves  in  guides  m n.  It  is  evident  that 
a reciprocatinir  circular  motion  at  A will 
produce  a reciprocating  rectilinear  mo- 
tion in  the  beam  a h,  and  vice  cersd. 

(112.)  To  convert  a continued  circu- 
lar motion  into  another  continued  cir- 
cular motion. 

In  a motion  of  continued  rotation,  two 
tilings  arc  to  lie  considered ; the  axis 
round  which  the  rotation  is  made,  and 
the  velocity,  or  the  number  of  revolu- 
tions performed  in  a given  time. 

If, tiy  a rotation  round  one  axis,  it  be 
required  to  produce  a rotation  round 
another  axis  (larallel  to  it,  tlie  problem 
may  lie  solved  thus : place  two  wheels 
on  the  two  axes,  so  that  they  shall  be  in 
the  same  plane  at  right  angles  to  the 
given  axes.  Let  tlicse  wheels  act  one 
upon  the  other  either  by  the  friction  of 
their  edges  or  by  a strap,  or  chain,  or, 
finally,  by  teeth.  If  they  act  either  by 
friction  or  by  teeth,  the  rotation  round 
the  two  axes  will  be  made  in  contrary 
directions ; but  if  they  act  by  a strap  or 
chain,  the  rotation  will  be  in  the  same 
direction  if  the  strap  be  crossed ; but 
otherwise  in  opposite  directions. 

The  rotation  may  be  produced  in  the 
same  direction  when  the  wheels  act  by 
teeth,  or  friction,  by  interposing  a Ihinl 
wheel  between  those  which  arc  placed 
upon  tlie  given  axes.  There  is  an  ad- 
vantage in  the  use  of  a strap,  in  cases 
where  the  two  axes  are  at  a consider- 
able distance  one  from  the  other ; as  it 
does  not  render  the  multiplication  of 
wheels  necessary. 

In  cases  where  the  resistance  is  too 
great  for  the  use  of  a strap,  rotation 
may  be  transmitted  to  a number  of  pa- 
rallel shafts  by  means  of  bevelled 
wheels  on  a shaft  at  right  angles  to 
them.  Tills  method  of  giving  rotation 
to  several  parallel  shafts  is  represented 
in  Jig.  U2. 


Fig.  1 12 


When  the  velocity  of  rotation  is  to  be 
the  same  as  Uiat  of  the  shaft  horn 


which  it  is  received,  the  wheels  by 
which  it  is  transmitted,  whether  by 
friction,  straps,  or  teeth,  arc  to  be  of 
equal  diameters  ; and  in  whatever  pro- 
portion the  velocity  is  to  be  increased 
or  diminished,  the  diameter  of  the  wheel 
must  be  diminishwl  or  increased  exactly 
in  the  same  proportion. 

We  have  here  supposed  that  the 
shafts  through  which  the  rotation  is 
transmitted  are  parallel.  Suppo.se  they 
are  not  parallel,  but  their  directions  in- 
tersect ; the  rotation  may  then  Iw  trans- 
rnitted  by  bevelled  wheels  placed  upon 
the  shafts, as  representetl  inyfg.  47  (70.) ; 
and  if  the  velocity  of  rotation  be  re- 
quired to  be  changed,  the  cones,  from 
which  the  bevelled  wheels  are  formed, 
must  have  different  angles,  as  explained 
in  (70.) 

If  tlie  shafts  be  at  a considerable  dis- 
tance one  from  the  other,  the  bevelled 
wheels  placed  upon  them  cannot  con- 
veniently act  one  upon  the  other  imme- 
diately. In  this  case  a third  shaft  must 
lie  u.scd,  bi'imng  two  bevelled  wheels,  as 
represented  in  Jig.  113,  through  which 
the  motion  is  transmitted. 


This  methoc,  of  connecting  the  ahafla 
by  a third  shaft  will  also  serve  when  the 
two  given  shafts  arc  not  in  the  same 
plane. 

\\  hen  the  shafts,  between  which  the 
motion  is  to  be  transmitted,  are  at 
right  angles,  two  bevelled  wheels,  such 
as  arc  represented  in  /(g.  47,  are  most 
frequently  used.  A crown  and  spur 
wheel  woidd,  however,  serve  the  same 
purpose,  and  arc  sometimes  resorted 
to.  This  arrangement  is  represented  in 
/g.  114. 

Kotation  round  an  axis  may  be  trans- 
ferred to  an  axis  at  right  angles  to  it  by 
means  of  a perpetual  screw  working  in 
a tootherl  wheel,  as  representeil  in  ^'g, 
86.  In  this  figure  tlie  axis  of  the  w heel 
is  represented  parallel  to  the  horizon  ; 
but  it  Is  plain  tliat  tlie  same  ettlxt  will 
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be  produced  at  whatever  auRlc  it  is  in- 
cUneU  to  the  horizon,  provideil  it  be  per- 
pendicular to  the  axis  of  tlie  screw. 

Fig,  114. 


Hooke'i  universal  joint  is  a very  sim- 
ple and  effectual  method  of  triinsferring 
rotation  from  one  axis  to  another. 

The  single  universal  joint  is  repre- 
sented in  115.  A and  B are  Uie 


shafts,  between  which  the  rotation  is 
transmitle<I ; C D,  E F is  a cross  of 
metal,  the  ends  of  which  turn  freely  in 
bushes  placed  in  the  extremities  of  two 
diameters  in  which  the  shafts  terminate. 

From  considering  this  arrangement,  it 
is  evident  that,  when  the  shaft  A is 
turned  round,  the  shaft  B will  receive 


F,g.  11«. 


the  impelling  power ; for,  by  applying 
an  universal  joint,  the  shaft  may  be  cut 
into  convenient  lengths,  and  be  thus 
enabled  to  overcome  a greater  resist- 
ance. 

(113.)  To  convert  a continued  circular 
motion  into  a reciprocating  circular  mo- 
tion, or  vice  versa. 

There  are  various  methods  of  mak- 
ing tliis  change.  One  of  the  most 
common  is  by  a crank,  connected  by  a 
rod  with  the  end  of  a working  beam,  or 
lever,  as  represented  in  fg.  87.  Here 
the  end  of  the  rod  connected  with  the 
crank  moves  with  a continued  circular 
motion  round  ,the  axis  of  the  crank, 
while  the  other  end,  connected  with  the 
beam,  moves  alternately  in  a circular 
arc. 

Another  contrivance  for  this  purpose 
is  represented  in _ftg.  117,  where  B and 


C are  two  spur-wheels' on  the  same 
shaft,  and  A is  a crown-wheel,  which 


a similar  motion.  If,  however,  the 
angle  under  the  shafts  A and  B be  less 
than  140°,  this  will  fail  to  act. 

In  this  case,  the  double  universal 
joint  must  1)€  resorted  to.  This  is  re- 
presented in  jig.  116.  There  are  here 
two  crosses,  the  extremities  of  which 
move  on  pivots,  like  the  foimer.  This 
will  serve  wh'en  the  angle  contained  by 
tlie  shafts  is  less  than  140°. 

These  joints  may  also  be  constructed 
with  four  pins,  fastened  at  right  angles 
upon  the  circumference  of  a hoop,  or 
solid  ball.  They  are  of  considerable 
use  in  cotton  mills,  where  the  tumbling 
shafts  extend  to  a great  distance  from 


is  only  partially  fumishetl  with  teeth, 
and  placed  on  a shaft  at  right  angles  to 
D BI.  The  shaft  D E,  being  turned 
constantly  in  the  same  direction,  so 
long  as  the  teeth  of  the  wheel  A arc 
engaged  with  those  of  B,  the  shaft  of 
A is  turned  in  one  direction  ; but  when 
they  begin  to  be  acted  upon  tiy  tliose 
of  C,  it  is  turned  back  in  the  opposite 
direction,  and  so  the  alternate  rotatory 
motion  is  continued. 

It  may  also  be  effected  by  a wheel 
having  wipers  on  its  circumference, 
which  raise  a lever  placed  at  right 
angles  to  the  plane  of  the  wheel,  the 
lever  descending  by  its  own  gravity. 
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Va /tg.  118  the  wiper*  are  represented 
Fig.  1 18. 


a*  lifting  a foi^  hammer,  which  falls 
on  the  anvil  by  its  own  weight. 

Another  contrivance  is  represented 
in  Jig.  1 1 9,  somewhat  similar  to  that 
represented  in  Jig.  103,  but  instead 


Fig.  1 19. 


of  the  wipers  acting  on  a rod  mov- 
ing in  guides,  they  act  on  a lever 
w orking  on  a centre.  The  end  of  the 
lever  is  pressed  against  the  wipers  by  a 
spring. 

Tlie  sun  and  planet  tcheel,  invented 
by  Watt  for  his  earlier  double-acting 
steam-engines,  is  another  example  of 
this.  To  the  end  of  a vibrating  beam, 
a connecting  rod,  A B,  is  attached,  on 


the  lower  end  ofwhich  is  fixed  a tooth- 
ed w heel,  imapable  of  turning  on  its 
centre.  This  wheel  works  in  the  teeth 
of  another,  C,  which  turns  freely  on  the 


centre,  so  that,  as  the  one  wheel  is  car- 
ried round  the  other  by  the  connecting 
rod,  it  gives  to  the  other  ii  continued 
rotatory  motion.  Tlie  alternate  cir- 
cular motion  of  the  end  of  the  beam 
is  thus  made  to  communicate  a conti- 
nued rotatory  motion  to  the  wheel. 

In  Jig.  121  is  represented  a contri- 


Fig.  I2I 


wheel  having  teeth,  or  spindles,  pro- 
jecting from  it  in  the  manner  of  a 
crown-wheel ; A B is  a lever  working 
on  the  centre  C ; D and  E arc  two  rods 
turning  on  pins  in  the  lever,  and  Ihe 
opposite  ends  of  which  arc  so  formed, 
as  to  press  against  the  spindles,  and 
turn  the  wheel  round.  When  the  end 
B of  the  lever  is  pressed  towards  the 
wheel,  the  rod  D presses  the  spindle, 
and  urges  the  wheel  round  its  centre. 
By  the  same  motion,  the  rod  E,  and 
the  spindle  on  which  it  rests,  are  se- 
parate, and  the  rod  E falls  upon  the 
next  spindle  of  the  wheel.  The  end  B 
beingthen  moved  from  the  wheel,  the 
rod  E presses  upon  the  spindle,  and 
urges  the  wheel  round  its  centre ; while 
the  rod  D,  and  the  spindle  on  which  it 
rests,  are  separated,  and  the  rod  D 
falls  upon  the  next  spindle.  In  this 
way  the  alternate  circular  motion  of  the 
lever  A B produces  a continued  circular 
motion  in  the  wheel  M N. 

The  various  kinds  of  escapements 
which  arc  used  in  clock-work,  are  in- 
stances of  the  same  effect.  The  pen- 
dulum has  a reciprocating  circular  mo- 
tion, and  the  wheel  in  connection  with 
it.  and  which  it  regulates,  has  a conti- 
nued circular  motion. 

(114.)  To  ronfert  a reeiprocating  cir- 
cular motion  into  another  reciproca- 
ting circular  motion. 

The  means  of  accomplishing  this  are 
numerous  and  obvious.  If  the  two  vi- 
brations be  round  the  same  axis,  it  is 
evident  it  may  be  done  by  fixing  upon 
the  axes  two  arms  or  levers,  presented 
from  the  centre  in  the  directions  in 
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which  the  motions  are  to  be  made,  and 
of  icnrths  proportional  to  the  circular 
arcs  through  which  their  extremities 
are  to  vibrate. 

If  the  motions  be  not  on  the  same 
axis,  the  two  axes  may  be  connccterl  by 
almost  any  of  the  methods  used  in 
transferring  continued  circular  motion 
from  one  axis  to  another. 

In  dg.  1 22  is  represented  a contrivance 
of  M.  Camus,  for  the  purpose  of  moving 
Fig.  192. 


sieves.  A B C D is  a table,  on  which 
is  a plank  E F,  capable  of  revolving  on 
the  pivots  m n.  To  an  arm,  *,  attached 
to  one  of  the  pivots,  a pendulum,  R S, 
is  suspended.  The  first  mover  gives 
the  pendulum  an  alternate  circular 
motion,  and  this  gives  the  plank  a vi- 
brating motion  on  the  pivots. 

There  are  numerous  other  contri- 
vances for  accomplishing  tliis  change, 
but  our  limits  preclude  us  from  prose- 
cuting this  subject  further. 

Chap.  XIV. — Works  on  Mechanics. 

The  treatises  which  have  l>een  pub- 
lished on  this  subject,  not  to  mention 
innumernblc  detached  pieces  which 
bavc  been  printed  in  the  transactions 
of  learned  societies,  scientific  perio- 


dicals, &c.,  &c..  are  so  numerous,  that 
we  cannot  pretend  to  insert  here  any  ca- 
talogue of  them.  Nevertheless,  we  may 
refer  the  student,  who  is  desirous  of  ex- 
tending his  inquiries  on  the  sulject,  to 
sources  where  he  may  find  ample  mate- 
rials for  the  extension  and  improvement 
of  his  mechanical  knowedge. 

To  those  who  are  not  very  familiar 
with  mathematical  science,  we  should 
recommend  Dr.  Brewster's  edition  of 
Fbrouso.v's  Mechanics.  In  the  se- 
cond volume  of  this  work,  more  espe- 
cially, a vast  quantity  of  valuable  in- 
formation is  collected  and  explained 
with  admirable  clearness  and  simplici- 
ty. This  volume  is  entirely  from  the  pen 
of  Dr.  Brewster,  and  is  by  far  the  best 
part  of  the  work.  The  student  should 
be  cautious  not  to  consult  the  old  edi- 
tions of  Ferguson,  as  they  contain  nu- 
merous errors. 

The  second  volume  of  Dr.  Gregory's 
Mechanics  contains  a great  quantity 
of  interesting  and  useful  practical  in- 
formahon,  explained  in  a very  familiar 
style,  and  without  much  matnematical 
reasoning.  The  mathematical  student 
will  be  greatly  benefitted  by  tlie  study 
of  the  first  volume  of  tliis  excellent 
work. 

For  those  who  seek  an  acquaintance 
with  the  mathematical  theory  of  Me- 
chanics, there  is  a very  numerous  class 
of  English  authors,  amongst  whom  we 
may  mention  Bridge,  Desaguliers, 
Emerson,  Gravesande,  Playfair,  Ro- 
bison, Whewell,  Wood,  Young,  &c. 

The  foreign  authors,  on  this  sub- 
ject, are  also  very  numerous: — La- 
place, Lagrange,  Proin,  Poisson,  Be- 
lidor,  Biot,  Veuturoli,  6,c.  Sic. 
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THIRD  TREATISE. 


On  Frictiow  axd  ths 

Chapter  I. — Qf  retitiing  Foreet  in 
general. 

(1).  Whatever  is  capable  of  puttii^  a 
quiescent  body  in  motion,  of  increasing, 
or  diminishing,  the  quantity  of  motion 
in  a moving  body,  or  finally,  of  destroy- 
ing the  motion  of  a moving  body,  and 
reducing  it  to  a state  of  rest,  is  deno- 
minatea  a force.  There  are  two  kinds 
of  forces,  distinguished  one  fi-om  the 
ether  by  the  effects  they  are  capable  of 
producing.  The  first  species  are  those 
which  are  capable  of  communicating 
motion  to  a body  which  is  (luiescent. 
Such  forces  will  manifestly  be  also  ca- 
pable of  producing,  under  different  cir- 
cumstances, all  the  other  effects  enume- 
rated in  the  above  definition  of  the  woni 
force.  Thus  it  is  quite  evident,  that  the 
same  force  which  woidd  give  motion  to 
a body  at  rest,  would,  if  applied  in  the 
proper  direction  to  a body  in  motion, 
increase  the  quantity  of  motion,  and  if 
applied  in  the  opposite  direction  would 
diminish  it.  Also,  it  is  clear  that  if  such 
a force,  first  applied  to  a body  at  rest 
give  it  motion  in  a certain  direction,  and 
be  afterwards  applied  to  the  same  body 
in  the  opposite  direction,  it  will  destroy 
the  motion  which  it  had  communicateci, 
and  will  again  reduce  the  body  to  a 
state  of  rest.  This  species  of  force  may 
be  denominated  active  force,  and  all 
those  forces,  the  properties  of  which  we 
investigated  in  our  first  treatise,  and 
which  are  prime  movers,  come  under 
this  class. 

Tlic  second  species  of  forces  are  those 
which  are  capable  of  diminishing  the 
quantity  of  motion  in  a moving  body, 
or  of  totally  destroying  it,  and  reducing 
the  body  to  a state  of  rest ; but  which 
are  entirely  incapable  either  of  prmluc- 
ing  motion  in  a quiescent  body,  or  of 
increasing  the  motion  of  a moving  body. 
Such  forces  may  be  denomih.w<^  pat- 
rive  or  retisling  forces.  Examples  of 
such  forces  are  numerous,  and  indeed 


Rigidity  of  Cordage. 

it  may  be  truly  asserted,  that  no  motion 
ever  takes  place  on  the  surface  of  the 
earth  without  the  manifestation  of  the 
effect  of  resitting  forces.  The  resist- 
ance which  fluids,  both  elastic  and  in- 
elastic, oppose  to  the  motion  of  bodies 
through  them,  are,  perhaps,  the  most 
common  and  striking  examples  of  the 
effects  of  these  forces.  The  resistance 
which  a projectile  suffers  in  its  pas- 
sage through  the  air,  and  a solid  body 
in  descending  through  water,  are  famihar 
examples.  As,  however,  the  resistance 
of  fluids  properly  belongs  to  another 
branch  of  the  science,  we  shall  not 
notice  it  particularly  here,  but  shall 
confine  ourselves  to  those  resisting 
forces  which  arise  from  fiiction,  and  the 
rigidity  of  cordage. 

(2).  It  requires  but  little  considcra 
tion  to  perceive  of  how  great  import, 
ance  the  knowledge  of  the  effects  of  these 
resistances  is  in  mechanical  science.  In 
ourfirst  treatise,  we  explained  the  na- 
ture and  laws  of  the  active  forces,  or 
those  mechanical  agents  which  are  com- 
monly employed  in  giving  motion  to 
machinery.  In  our  second  treatise,  we 
explained  the  nature,  construction,  and 
properties  of  the  machinery,  which  was 
destined  to  receive  motion  from  these 
active  forces  just  mentioned.  But  in 
this  investigation,  in  order  to  disembar- 
rass the  subject  of  its  complexity,  and 
present  it  to  the  student  in  the  most  sim- 
ple and  intelligible  form,  we  considered 
that  the  machines  by  which  the  active 
forces  were  transmitted  to  the  working 
points  were  absolutely  five  from  all 
resistances ; that  the  surfaces  which 
moved  in  contact  were  perfwtly  polished, 
and  acted  without  friction ; that  axles 
and  pivots  were  mathematical  lines 
and  jKiints ; that  ropes  were  perfectly 
flexible ; and  in  a word,  that  the  effect 
of  the  prime  mover  was  absolutely 
undiminished  by  any  resistance  what- 
ever in  its  transmission  through  the 
machine  to  the  working  point.  None 
a 
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of  these  suppositions,  however,  really  aistinf;  the  descent  of  the  weif^t,  and 
obtain  in  the  practical  application  and  consequently  the  power  requisite  to  sus- 
use  of  machinery ; the  various  sur-  tain  the  weight  will  be  less  than  before 
faces  which  move  in  contact  are  never  by  the  amount  of  the  friction, 
perfectly  smooth : axles  are  of  sensible  Again,  suppose  a weight  suspended 
thickness,  and  move  in  socket!  never  from  a single  moveable  pulley,  the 
perfectly  polished  ; ropes,  so  far  from  amount  of  the  weight  and  pulley  toge- 
oeing  perfectly  flexible,  have  consider-  ther  being  hvo  pounds.  If  the  rope  had 
able  rigidity,  and  this  rigidity  is  ge-  no  rigidity,  and  passed  without  friction 
nerally  great  in  proportion  to  their  over  the  wheels,  the  wheels  themselves 
stren^.  Art  may  do,  and  has  done,  also  moving  without  friction,  either  with 
much  to  diminish  the  effects  of  these  re-  the  blocks  or  on  their  axles,  the  power 
sistances ; surfaces  have  been  produced  necessary  to  sustain  the  weight  would  be 
of  high  polish,  and  various  means  have  one  pound.  But  if  on  the  other  hand,  the 
been  adopted  to  give  them  additional  rojie  have  a stiffriess  which  requires  a 
smoothness,  but  still  they  continue  to  certain  force  to  bend  it  over  the  w heels  ; 
be  studded  wiUi  small  asperities,  which,  if  also,  in  passing  over  the  wheels,  the 
coming  constantly  in  oj)position  during  roughness  of  its  surface,  and  that  of 
tlicir  motion  one  upon  another,  obstruct  tlie  wheel  produce  a resistance  from 
that  motion,  otter  a considerable  resist-  friction;  and  lastly,  if  the  wheel  rub 
ance  to  tJie  action  of  Uic  prime  mover,  against  the  block,  the  surfaces  not  being 
and  robbing  that  power  of  a great  part  perfectly  smooth,  and  also  be  sul^ect  to 
ofits  efficacy,  send  it  with  proportionally  inction  in  its  motion  on  its  axis  ; then 
diminished  intensity  to  the  working  all  these  resistances  require  a consider- 
point.  It  is  clear,  mereforc,  that  if  we  able  portion  of  the  weight  to  overcome 
would  estimate  tile  real  practical  efficacy  them,  and,  conseipiently,  they  conspire 
of  a machine,  we  should  possess  the  with  the  power  in  supporting  the  weight, 
means  of  calcidating  the  amount  of  so  that  the  power  which  will  accomplish 
these  re.sistances,  and  when  so  found,  this,  will  be  less  than  in  the  former  ease, 
we  should  subduct  it  from  the  effect  by  the  total  effect  of  tlie  several  re- 
computed on  the  tlieoretical  principles  sistances. 

laid  down  in  our  second  treatise,  where  In  cases  of  equilibrium,  therefore, 
no  regard  was  had  to  these  resisting  and  in  the  sense  we  have  explaineil,  the 
forces.  The  ovcriihis  of  force  after  this  power  is  said  to  be  attifled  by  the  re- 
deduction is  tlie  only  part  of  the  effect  sisting  forces.  The  very  opposite  effect 
of  the  first  mover,  which  can  be  oon-  obtains  in  dynamics,  or  when  the  power 
sidered  as  practically  available  in  any  is  used  not  merely  to  vueta'ndhe  weight, 
applicat  ion  of  the  machine.  but  to  more  it.  Here  the  resisting  forces 

(.1).  Passive  or  resisting  forces  pro-  obviously  o;yTOte  the  power,  and  deprive 
duces  very  different  effects  in  Siatict  it  of  a part  of  its  efficacy, 
and  Dyruanics,  that  is,  in  machines  in  a Let  us  take  the  same  trxamples.  Siqi- 
statc  of  equilibrium,  and  in  a state  of  pose  a weight  of  two  pounds  placed 
motion.  If  the  machine  be  in  a state  of  upon  an  inclined  plane,  whose  length  is 
equilibrium,  the  re>istiiig  forces  are  said  twice  its  height.  If  there  be  no  friction, 
to  avtint  the  power.  The  meaning  of  any  power  exceeding  one  pound  will  be 
this  is,  Ih.at  in  a real  machine  having  sufficient  to  draw  the  weight  up  the 
those  resistances,  a less  power  will  be  plane.  But  this  will  not  be  true,  if 
sufficient  to  support  a given  weight  than  there  be,  as  there  always  is,  triction. 
would  tie  necessary  to  support  it  were  For  a power  of  one  pound  being  only 
those  resistances  removed.  As  an  ex-  sufficient  to  sustain  the  body  on  the 
ample,  suppose  that  a weight  of  two  plane  wilhout  moving  it  wlien  there  is 
pounds  were  placed  upon  an  inclined  no  friction,  if  a small  quantity  be  added 
plane,  of  wliich  the  length  is  twice  the  to  this,  that  quantity  may  not  exert  suf- 
neight.  If  there  were  no  friction  be-  ficient  force  to  overcome  the  friction, 
tween  the  surfaces  of  the  weight  and  the  and  to  put  the  weight  in  motion.  In  fact, 
plane,  a power  of  one  pound  acting  pa-  the  weight  will  not  commence  to  move 
ralld  to  the  plane  would  be  necessary  up  the  plane,  until  such  a quantity  be 
♦o  sustain  the  weight  in  equilibrium,  added  to  the  power  of  one  pound,  ns  is 
But  if  we  suppose,  what  always  really  commensurate  to  the  friction.  When 
obtains,  that  the  surfaces  of  the  weight  this  quantity  precisely  has  been  added, 
and  plane  are  subject  to  friction,  this  the  weight  will  still  be  at  rest,  but  will 
frietioQ  conspires  with  the  power  in  re-  be  with  respect  to  its  motion  19)  the 
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plane,  in  the  sapie  sHtiation  as  if  there 
were  no  friction,  and  the  least  accession 
which  the  power  receives  will  draw  up 
the  weight.  Thus  it  appears,  that  when 
there  is  friction,  a less  power  is  neces- 
sary to  nutain  a riven  weight  on  an  in- 
clined plane,  and  a greater  power  is 
necessary  to  move  it  up  the  plane  than 
would  be  necessary  were  there  no  fric- 
tion. 

In  like  manner,  in  the  case  of  the 
single  moveable  pulley,  if  there  were 
none  of  the  resistances  already  men- 
tioned, any  power  exceeding  one  pound 
would  draw  up  the  weight.  But  if  the 
rc.sistances  be  supposed  to  exist  before 
motion  can  ensue,  we  must  add  to  the 
pow  er  a sufficient  quantity  to  balance  all 
the  resistances.  The  least  addition  to 
the  power  after  that  will  produce 
motion. 

We,  therefore,  infer  in  general,  that 
when  a machine  of  any  kiml  is  used 
simply  to  sustain  a weight,  or  to  balance 
a resistance,  the  resisbng  forces  act  in 
conjunction  w ith  the  power,  and  are  of 
mechanical  advantage.  In  many  in- 
stances the  resisting  powers  constitute 
the  whole  pow  er  and  efficacy  of  the  in- 
stniment.  Thus,  when  screws  are  used 
to  bind  together  the  parts  of  any  struc- 
ture, the  friction  of  the  screw  with  the 
substances  in  which  it  is  inserted  pre- 
vents its  return,  and  constitutes  its 
whole  efficacy.  In  like  manner,  in  the 
use  of  nails,  which  are  nothing  but  nar- 
row wedges,  the  friction  prevents  tile 
recoil  of  tlie  instruineut,  and  gives  it  all 
its  binding  jxiwer. 

The  ordinary  use  of  the  wedge  itself 
presents  at  once  an  instance  of  the  sta- 
tical advanta^,  and  the  dynamical  dis- 
advantage, of  a resisting  force.  When 
a wetige  is  used  for  any  purjjose,  as  to 
split  limber,  the  great  friction  yvhich  is 
produced  betyveen  its  faces  and  tJie  sur- 
face of  the  timber,  opposes  a considcr- 
al'le  n'sistance  to  the  effect  of  the  force 
of  percussion  applied  to  the  back  of  the 
wedge  to  urge  it  forward,  and  it  accord- 
ingly advances  with  much  less  force  and 
effect  than  it  would  if  the  friction  were 
removed.  But  after  it  has  advanced, 
fiiis  same  friction  prevents  ita  recoil,  in 
the  interval  between  ttvo  successive 
strokes  on  its  back.  In  this  case,  there- 
fore, were  it  not  fbrthe  effect  of  friction, 
we  should  be  eofnpeUed  to  urge  the 
wedge  by  pressure  instead  of  the  far 
more  efficacious  force  of  percussion. 
Much  more  power  is  gained  nere  by  the 
effect  of  the  friction  in  pr^ventiiig  the 


• 

recoil  during  the  intermission  of  the 
force,  than  is  lost  by  its  resistance  to 
the  advance  of  tlic  wedge. 

(4).  The  laws  which  govern  resisting 
forces  are  derived  wholly  from  exiieri- 
ment,  nor  have  we  any  simple  and  ge- 
neral principles  firom  which  they  can  lie 
deduced  by  mathematical  reasoning.  It 
is  to  be  regretted,  tliat  even  among  the 
best-conducte<l  experiments  yvhich  have 
been  instituted,  some  consideralde  dls- 
m-epancies  are  observable,  and  differ- 
ences of  opinion  subsist  between  Die 
most  respectable  authorities  respecting 
many  particulars  connected  with  llio 
properties  and  laws  of  these  forces.  Wo 
shall  give  a general  account  of  those 
prop^es  in  which  philosophers  have 
most  generally  agreed,  stating  those 
cases  distinctly  in  which  the  results  of 
different  systems  of  experiments  are 
materially  at  variance. 

Although,  as  we  have  just  stated,  the 
laws  of  resisting  forces  are  derived 
wholly  from  experiment,  yet  even  here 
the  general  principles  of  the  science  are 
far  from  being  useless.  They  serve  as 
a guide  in  the  selection  of  the  exiari- 
ments  best  calculated  to  develop  those 
laws  yvhich  are  the  subject  of  inquiry', 
as  well  as  to  shew  the  inconclusivenesg 
of  some  experiments  on  which  we  might 
otherw  ise  bo  induced  to  rely ; and  they 
also  enable  us  to  deduce  from  ttio  re- 
sults of  experimental  inquiry  numerous 
useful  practical  results. 

Wc  shall  cumincncc  with  the  consider- 
ation oi  friction,  by  far  the  most  im- 
portant of  tliose  resisting  forces  which 
wc  shall  have  to  investigate. 


Chjxpteh  II. — Of  the  'Friction  of  one 
Surface  sliding  over  another. 

(5).  Friction  necessarily  supposes  the 
surface  of  one  body  moving  or  tendiim 
to  move  upon  the  surface  of  another.  It 
also  necessarily  supposes  the  one  siir 
face  to  be  urged  against  the  other  witli 
some  sensible  degree  of  pressure.  Under 
these  circumstances,  tlie  cause  of  fric- 
tion is  tile  want  of  perfect  smootlincss, 
or  polish  in  the  surfaces  which  are  in 
contact.  The  small  asperities  yvhich  ara 
spread  over  each  surface,  become,  when 
the  surfaces  are  in  contact,  inserted,  ai 
it  were,  among  each  other ; and  upon  any 
effort  to  move  the  surfaces  one  upq« 
the  otlicr,  these  asperities  and  in^uali. 
ties  oppose  each  other,  and  resist  the 
tendency  to  motion.  Tlie  manner  in 
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which  this  eflfect  is  produced,  may  be 
conceived  by  placini?  two  brushes  with 
the  points  of  the  hairs  presented  towards 
each  other,  and  in  this  pcnition  pressing 
them  together  in  the  direction  of  the 
hairs,  so  that  the  hairs  of  each  brush 
insert  themselves  between  those  of  the 
other.  Any  attempt  to  move  the  one 
bnish  upon  the  other  in  a direction  at 
right  angles  to  the  hairs,  will  be  found 
to  be  opposed  by  a considerable  resist- 
ance. The  inequalities  with  which  sur- 
faces subject  to  friction  are  covered, 
act  upon  one  another  in  the  same  man- 
ner as  the  hairs  of  the  brushes ; and  as 
it  is  obvious,  that  the  greater  the  force 
with  which  the  brushes  are  pressed  to- 
gether, the  grrnter  the  lateral  resistance, 
so  also  it  is  invariably  found  that  the 
greater  the  pressure  with  which  surfaces 
are  urged  one  against  the  other,  the 
greater  will  be  the  friction. 

(6).  There  are  three  species  of  fric- 
tion, or,  to  speak  more  properly,  there 
are  three  ways  in  which  one  surfa<»  can 
move  upon  another,  in  each  of  which 
the  friction  acts  differently.  The  first 
is,  when  one  body  resting  on  a plane 
base,  slides  upon  the  plane  surface  of 
another  body.  The  second  is,  when  one 
Dody  being  cylindrical,  rolls  upon  the 
surface  of  another  body.  The  third  is, 
when  a solid  cylinder  is  inserted  in  a 
hollow  cylinder  of  a greater  diameter, 
and  being  pressed  in  any  direction  with 
a certain  force  revolves  within  it.  We 
shall  consider  successively  friction  act- 
ing in  these  several  ways. 

(7.)  That  under  the  same  circum- 
stances the  friction  of  one  surface  mov- 
ing upon  another  is  proportional  to  the 
pressure  with  which  the  surfaces  are 
niged  together,  seems  to  be  a law  pretty 
sausfactorily  established  by  experiment. 
Considering  then,  for  the  present,  this 
law  as  exact,  we  shall  explain  the  na- 
ture of  the  experiments  by  which  it  may 
be  established. 

Let  AB  (to.  1,)  be  a perfectly  level 
plane,  the  surface  of  which  is  one  of 
those  whose  friction  is  to  be  examined. 
Let  CD  be  a piece  of  the  substance,  the 
lower  surfhce  of  which  it  is  proposed  to 
move  in  contact  with  that  of  the  plane, 
this  surface  and  that  of  the  plane  being 
teose  between  which  the  friction  is  to 
be  examined.  The  upper  part  of  C D 
is  adapted  to  receive  weights,  so  as  to 
vary  at  pleasure  the  pressure  of  C D on 
the  plane  A B.  Attached  to  C D,  at 
D,  is  a thread,  which  is  carried  parallel 
to  the  plane  over  a fixed  pulley,  P,  and 


has  a dish,  S,  suspended  from ' it, 
adapted  to  receive  weights,  the  effect 
of  which  will  be  to  draw  C D along  the 
plane.  Now,  let  C D be  loaded  so  that 
the  weight  of  itself  and  its  load  shall  be 
one  pound.  Let  fine  sand  flow  into 
the  dish,  S,  until  it  is  of  just  sufficient 
weight  to  move  C D.  The  weight  of 
the  sand,  including  that  of  the  dish, 
will  then  rroresent  the  fiiction.  Sup- 
pose that  this  is  half  a pound.  Now 
let  C D be  loaded  with  another  pound, 
so  that  the  pressure  upon  the  plane  will 
be  twice  its  former  amount.  It  will  be 
found  that  it  will  require  half  a pound 
more  to  be  placed  m the  dish,  S,  in 
order  to  put  C D in  motion.  Thus, 
when  the  pressure  is  doubled,  the  fric- 
tion is  also  doubled.  Again,  let  a third, 
fourth,  and  fifth  pound  be  successively 
added  to  C D,  it  will  be  found  to  he 
necessary  to  add  a third,  fourth,  and 
fifth  half  pound  to  the  weight  in  S,  in 
order  to  overcome  the  friction.  And  in 
the  same  manner  the  experiment  may 
be  continued,  demonstrating  that  in 
whatever  proportion  the  pressure  is  in- 
creased, the  friction  will  be  increased  in 
exactly  the  same  proportion. 

Such  is  the  result  of  the  experiments 
of  Coulomb  and  Ximenes,  instituted  on 
a Ituge  scale,  and  submitted  to  a great 
variety  of  trials.  There  was,  however, 
in  an  extreme  case,  found  to  be  a slight 
deviation  from  this  law.  For  when  tlie 
pressures  used  were  extremely  intense, 
it  was  found  that  the  friction  did  not 
increase  in  quite  so  great  a proportion 
as  the  pressure.  The  deviation  from 
the  law,  however,  was  so  very  inconsi- 
derable, and  happened  only  in  such  ex 
treme  cases,  that  it  might  for  the  most 
part  be  neglected. 

The  fiiction  being  then  considered  to 
be  proportional  to  the  pressure  when 
the  surfaces  are  given,  a very  remark- 
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able  consequence  follows,  which  is, 
that  however  the  magnitude  of  the  sur- 
fiice  of  contact  may  vary,  the  friction 
will  remain  the  same  so  long  as  the 
pressure  is  unchanged.  Thus,  suppose 
the  body,  CD,  to  be  a flat  block  of 
wood,  the  face  of  which  is  sixteen  square 
inches  in  magnitude,  and  the  ed^  of 
which  is  equal  to  only  one  square  inch, 
it  vrill  have  the  same  friction  with  the 
plane,  A B,  whether  it  be  placeil  upon 
its  face  or  upon  its  edge.  To  explain 
this,  let  us  suppose  the  weight  of  the 
block  to  be  sixteen  ounces ; and  let  us 
suppose  that  when  the  body  rests  upon 
its  edge,  the  amount  of  the  friction,  de- 
termined in  the  manner  already  ex- 
plained, be  eight  ounces;  it  therefore 
follows  that  then  the  friction  of  every 
square  inch  of  surface  is  equal  to  half 
the  pressure  on  that  square  inch.  Now 
let  the  block  be  placed  upon  its  face, 
and  let  us  suppose  that  the  magnitude 
of  the  face  is  sixteen  square  inches; 
the  whole  weight  of  the  block  is  sixteen 
ounces,  and  therefore  the  pressure  on 
each  square  inch  will  be  one  ounce. 
When  tne  pressure  on  a square  inch 
was  sixteen  ounces,  the  friction  was 
eight  ounces ; and  since  by  hypothesis, 
the  friction  is  proportional  to  the  pres- 
sure, it  follows  that  in  the  present  case, 
in  which  the  pressure  is  one  ounce  on 
each  square  inch  of  surface,  the  friction 
of  each  square  inch  of  surface  must  be 
half  an  ounce ; and  since  there  are  six- 
teen square  inches,  the  total  friction 
will  be  sixteen  half  ounces,  or  eight 
ounces,  which  is  exactly  equal  to  the 
friction  when  the  block  rested  upon  its 
edge. 

It  is  evident  that  the  same  result 
would  be  obtained  had  we  sujiposed  the 
siniaces  of  any  other  magnitudes,  and 
the  pressure  of  any  other  amount.  It 
may  be  satisfactory,  however,  to  those 
who  are  a little  conversant  with  alge- 
braic notation,  to  see  a general  proof 
of  this  remarkable  property. 

• [Supposing  the  urat  of  surface  to  be 
one  square  inch,  and  the  unit  of  pressure 
to  be  one  pound,  let  P be  the  pressure 
upon  a square  inch  of  surface,  expressed 
in  pounds  or  parts  of  a pound.  Let  S 
be  the  number  of  square  inches  in  the 
surface  of  contact ; then  8 P will  be 
the  total  pressure.  Let/ be  the  friction 
which  one  pound  of  pressure  would 
produce  on  one  square  inch  of  surface ; 

* TfioM  rradrn  aot  familUr  witli  mathnnaiiral 
n>Mootng  will  omit  the  paragraphe  iaelvdcd  withia 
brackete. 


then  /P  will  be  the  friction  produced 
by  the  pressure,  P,  on  one  square  inch 
of  surface,  and /S  P will  be  the  friction 
produced  by  the  pressure,  S P,  upon 
the  surface,  S.  If  F be  this  total  fric- 
tion, we  shall  have  F=/S  P.  But  S P 
is  the  total  pressure  or  weight  of  the 
block.  Calling  this  W,  we  have  F = /W, 
which  is  independent  of  the  magnitude 
of  the  surface  of  contact.] 

The  result  which  we  have  here  ob- 
tained as  a consequence  of  the  propor- 
tionality of  the  friction  to  the  pressure, 
is  fully  confirmed  by  the  experiments 
of  Coulomb  and  Ximenot.  They  found 
that  when  a block  of  any  substance  has 
several  faces  of  different  magnitudes, 
the  friction  will  be  the  same  on  what- 
ever face  it  is  placed ; as  in  the  former 
instance  there  is  an  extreme  ca.se  which 
forms  an  exception  to  this  law ; for  when 
the  pressure  is  very  small,  and  the  sur- 
face of  contact  very  much  increa.sed, 
the  friction  is  found  to  be  somewhat 
greater  than  it  would  be  with  a smaller 
surface. 

(8.)  There  is  another  method  of 
proving,  experimentally,  the  proportion 
of  the  friction  to  the  pressure,  which 
depends  on  a property  of  the  inclined 
pl^e.  Let  the  body  W (Jig.  2),  be  placed 


Fig.  2. 


upon  a plane,  AB,  which  is  hinged  to 
an  horizontal  plane,  C B,  so  that  it  can 
be  rai.scd  to  any  proposed  elevation. 
Now  let  the  plane,  AB,  be  slowly 
raised,  until  it  acquires  such  an  eleva- 
vation  that  the  force  of  the  body  down 
the  plane  is  just  sufficient  to  overcome 
the  friction,  and  that  the  bo^  will 
therefore  commence  to  move.  In  this 
case,  therefore,  the  force  down  the 
plane  will  be  equal  to  the  friction.  If 
the  length  of  the  plane,  A B,  be  taken 
to  represent  the  wbole  weight,  W,  the 
height,  AE,  will  represent  the  force 
down  the  plane,  and  the  base,  B E,  will 
represent  the  pressure  of  the  weight, 
W,  upon  the  plane.  The  proportion 
of  the  friction  to  the  pressure  will  then 
be  that  of  AE  to  BE.  Now  let  the 
weight  be  successively  doubled,  trebled. 
See. ; and  it  will  he  found  that  the  same 
elevation  of  the  plane  will  continue  to 
overcome  the  friction,  and  put  the  body 
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in  motioh.  Hence  the  proportion  be- 
tween the  weiffht,  friction,  and  pressure 
continues  to  be  the  same ; a double  or 
treble  pressure  always  produces  a double 
or  treble  degree  of  friction,  and  so  on. 

[The  constant  proportion  which  is 
found  to  subsist  between  the  friction 
and  the  pressure  may  be  ex^ssed  in 
reference  to  the  angle,  A BE,  which 
gives  a force  down  the  plane  equal  to 
the  friction.  Let  this  angle  be  called 
X,  let  F be  the  friction,  and  P the  pres- 
sure. By  what  has  been  already  proved, 
we  have 

F:P;;  AE:BE 
but  AE  :BE  ::tan.X;  1 
F : P ::  tan.X  : i 
F=P  tan.X. 

Thus  it  appears  that  the  tangent  of 
this  angle  always  expresses  the  ratio  of 
the  friction  to  the  pressure.] 

What  we  have  already  stated  as  to 
the  independence  of  the  friction  on  the 
magnitude  of  the  surface  of  contact, 
may  also  be  established  experimentally 
by  the  inclined  plane.  For  on  whatever 
side  the  body,  W\is  placed  upon  the  plane, 
the  angle,  5c,  will  be  found  to  be  the 
same  j and  therefore  the  proportion  of 
the  friction  to  the  pressuie  will  be  the 
same. 

(».)  Another  law  ded\iced  from  ex- 
periment is,  that  “ friction  is  an  uni- 
formly retarding  force.”  This  is  a law 
respecting  which  no  difference  of  opi- 
nion whatever  subsists ; and  the  results 
of  all  experiments  which  have  been  in- 
stituted on  the  subject  are  in  pcrfeqt 
accordance. 

It  will  l)e  recollected,  than  an  uni- 
formly accelerating  force,  as  explained 
in  our  first  treatise  on  Mechanics,  is 
one  which  produces  ah  increase  of  ve- 
locity in  the  moving  body,  which  is  pro- 
portional to  the  time  of  its  motion ; 
and  file  motion  of  a body  excited  by 
such  a force  is  characterized  by  several 
remarkable  properties,  such  as  " that 
tlic  spaces  dcscrilM'd  from  the  beginning 
of  motion  are  proportional  to  the  squares 
of  the  times  of  describing  them ; the 
spaces  described  in  equal  successive 
intervals  are  as  the  o<ld  numbers,"  &c. 
N ow  an  uniformly  retarding  force,  on 
the  other  hand,  is  one  which  destro}-s  a 
portion  of  the  velocity  of  the  moving 
body ; and  the  quantity  thus  destroyed  is 
proportional  to  the  time  of  the  motion. 

If  a body  be  urged  at  the  same  lime 
by  two  forces,  the  greater  an  uni- 
formly accelerating  force,  and  the  lesser 
an  uniformly  retarding  force,  it  is  evi- 


dent that  th«  eflSct  will  be,  that  the 
body  will  moYB  with  an  unifbrmly  ac- 
celmting  force  which  it  equal  to  the 
d^erence  of  the  two  forces  to  which  it 
is  subjected.  But  if  the  force  which 
retards  tlie  body  be  not  uniform,  while 
the  force  which  accelerates  it  w so,  tlien 
the  differgyuv.  of  these  forces,  with  which 
the  body  will  move,  will  not  be  an  uni- 
formly accelerating  force,  since  the 
want  of  uniformity  in  the  retarding 
force  will  plainly  affect  the  difference  of 
the  two  forces.  If,  therefore,  a body 
move  with  an  uniformly  accelerated 
motion,  being  urged  by  two  forces,  an 
accelerating  and  a retaixling  force,  we 
are  warranted  in  concluding,  that  if  the 
accelerating  force  be  uniform,  the  re- 
tarding force  must  also  be  uniform,  for 
otherwise,  according  to  what  has  just 
been  explained,  the  motion  of  the  body 
would  not  be  uniformly  accelerated. 

These  observations  being  premised, 
we  are  now  prepared  to  explain  the 
experiments  by  which  friction  is  proved 
to  be  an  uniformly  retarding  force. 

(10.)  An  apparatus  such  as  has  tieen 
described  in  (7),  is  provided,  the  hori- 
zontal plane,  A B.  being  of  considerable 
length.  The  body,  C I),  is  placed  near 
the  extremity.  A,  and  a weight  is  sus- 
pended  at  S,  sufficient  to  move  the 
body  along  the  plane  from  A towards 
B.  The  descent  of  the  weight,  S,  is 
measured  by  a graduated  vertical  scale, 
similar  to  that  used  in  Atxvood’s  ma- 
chine (First  Treatise,  p.  13),  and  (he 
rate  noted  by  a clock  in  exactly  tho 
same  manner.  In  moving  along  tho 
plane  fKim  A to  B,  the  body,  (J  D,  is 
affected  by  two  forces,  one  of  which, 
viz.  the  force  with  which  the  weight,  S, 
would  draw  it,  independently  of  fric- 
tion, is  an  uniformly  accelerating  force ; 
the  other,  is  the  retarding  force  arising 
from  the  friction.  Accoraing  to  what 
we  have  proved  (9),  it  will  immediately 
follow,  that  the  Motion  is  an  uniformly 
retarding  force,  if  we  can  shew  by  ex- 
periment that  the  motion  of  the  body  is 
uniformly  aoceleratod.  For  since  the 
entire  urging  farce  of  the  weight,  S,  is 
an  uniformly  accelerating  force,  and  the 
motion  which  aetuallv  obtains  is  also 
uniformly  accelerated,  the  retarding 
forceranstbeunifbrm(9).  Let  the  body. 
C D,  commence  its  motion  with  a beat 
of  the  clock,  and  let  a stage  be  adjusted 
by  successive  trials  upon  the  votical 
scale,  so  that  the  wei^t,  8,  will  strike  it 
with  the  second  bcat^c  space  through 
which  C D will  move  in  one  second  wdi 
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flius  be  determined.  By  the  §«me  pro- 
cess we  may  find  (he  spaces  described 
in  two,  three,  four  seconds,  or  in  as 
preat  a number  of  seconds  as  the  lenpth 
of  the  plane,  A B,  will  permit.  If  these 
spaces  be  found  to  be  in  the  same  pro- 
portion as  the  squares  of  the  numoers 
I.  ‘2,  .3,  4,  &c„  then  the  motion  of  the 
liody,  C D.  is  uniformly  accelerated, 
and  otherwise  not.  (Treatise  1.)  In  a 
series  of  veiy  accurately  conducted  ex- 

ficriments,  ihstituteil  by  the  late  l*ro- 
ieisor  Fince  ofCumbridite.  this  law  was 
found  to  be  oltserved  with  the  utmost 
exactness. 

Hence  we  infer,  that  " friction  is  an 
uniformly  retarding  force." 

The  same  conclusion  mipht  be  esta- 
blished by  experiments  on  the  inclined 
plane.  If  the  plane  be  elevated  to  such 
an  heiphl  as  to  cause  the  body  tc  de- 
scend, it  will  be  found  that  the  descent 
is  uniformly  accelerated.  Since  the 
force  down  the  inclined  plane,  indepen- 
dent of  friction,  is  an  uniform  force,  it 
follows,  ui>on  the  same  principle  as 
before,  that  friction  must  be  an  uni- 
formly retarding  force. 

(11.)  The  law  which  we  have  ex- 
jilained  of  tha  proportionality  of  the 
friction  to  the  pressure  under  given  cir- 
cumstances, was  derived  from  very  ex- 
tensive and  varied  experiments  instituted 
by  several  philosophers,  but  par^iculiu-ly 
by  Coulomb  and  Ximetut ; nor  was  it 
ever  called  in  question  until  the  late 
Professor  Vince  of  Cambridge  renewed 
the  inquiry,  and  instituted  experiments, 
the  results  of  which  led  him  to  conclude 
that  this  law  does  not  obtain,  or  at  least 
not  accurately.  We  shall  now  eimlain 
the  manner  in  which  Professor  Vince 
conducted  the  experiments  from  which 
he  deduced  results  diitering  from  those 
of  Coulomb. 

When  tlie  body,  C D,  is  moved  along 
the  plane,  A B,  by  the  effect  of  the 
weipiit,  S,  omitting  the  consideration  of 
the  friction,  the  accelerating  force  with 
which  it  would  move  would  depend  on 
the  proportion  of  the  weights  of  C D 
and  8,  It  follows,  therefore,  that  if 
C D and  8 be  lioth  increased  in  the 
sansB  proportion,  the  accelerating  force, 
independent  of  the  friction,  will  remain 
unchanged.  If  the  fnetion  be  propor- 
tional to  the  pressure,  it  will  be  in- 
creased in  the  same  proportion  as  the 
weight  of  C D ; but  then  the  weight 
C D,  which  it  retards,  is  proportiou^ly 
increased,  and  therefm  the  degree  of 
retardation  which  it  produces  must  )>e 


(he  same.  Hwee  it  follows,  that  sines, 
by  increasing  the  weights  of  C D ami  6 
in  the  same  proportion,  tlie  two  forces 
which  affect  C D,  via.  the  accelerating 
and  retarding  force,  remain  unaltered, 
their  ditt'erence,  which  is  the  acliial 
accelerating  force  with  which  C D is 
moved,  will  remain  unaltered.  Thus, 
it  follows  that,  granting  the  proportion- 
ality of  tlie  friction  to  the  pressure,  no 
change  should  be  produced  in  the  rate 
of  motion  of  C D,  w hen  both  C D and 
8 arc  doubled,  or  trebled,  or  increased 
or  decreased  in  any  other  proportion. 

[A  rigorous  mathematical  investiga- 
tion of  this  may  be  satisfactory  to  some 
readers.  Let  ni  be  the  quantity  of  matter 
in  C D,  and  rn!  that  in  8 ; let  g be  the 
accelerating  force  of  gravity,  and  / the 
constant  ratio  of  the  friction  to  the  ]>res- 
sure;  m' g is  the  moving  force  which 
draws  the  combined  masses  m and  in'. 
Therefore,  the  accelerating  force  with 
which  they  would  lie  moved,  indepen- 

fn^  g 

dently  of  friction,  would  be  since 


the  accelerating  force  is  equal  to  the 
moving  force  divided  by  the  quantity  of 
matter.  Hut  fm  expresses  a moving 
forbe,  which  is  equal  to  the  friction  of 
C D witli  the  plane ; and  as  this  ibrce 
acts  in  retarding  the  combined  masses 
m and  m',  the  corresponding  retarding 

force  Is  ■ , . Tlie  actual  aecclcrat- 

VI + m 


ing  force  being  the  difference  between 
g fn^  — fin 

this  and  the  former,  is  ■ . 

in  -f-  m 

This  being  put  under  Uic  form 
m 


m' 
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it  Ls  evident  that  its  value  does  not  de- 
pend on  tlie  absolute  values  of  m and 
nJ,  but  only  on  Iheir  ratio;  and  that  so 
long  as  tliat  ratio  remains  Uie  same,  the 
accelerating  force  with  which  C D 
moves  along  the  plane  will  remain  un- 
altered,] 

If,  upon  experiment,  it  were  founil 
that,  by  increasing  tlie  weights  of  C I) 
and  S in  the  same  proportion,  the  acce- 
lerating force  with  which  C D is  moved 
clues  not  continue  tlie  same,  but  is  in- 
creased, what  is  to  be  inferred  ? /That 
part  of  the  accelerating  force  which  is 
independent  of  the  friction,  depends 
entirely  tn  Ihe  proportion  of  the  weights 
of  C U and  8,  as  has  (lecii  already  ex- 
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Slained ; und  Iherefore  the  inereaie  of 
le  acceleratinf;  force  with  which  C D 
is  moved,  must  necessarily  proceed  ^m 
ti  dfcreate  in  the  retarding  force  smsing 
from  the  friction.  But  again,  this  re- 
tarding force  depends  on  two  things : 
1st,  on  the  proportion  of  the  friction 
to  the  pressure ; and  2d,  on  the  pro- 
portion of  the  weights  of  C I)  and 
§.  The  latter  remains  unaltered,  and 
therefore  we  are  compelled  to  infer, 
that  the  former  must  l)e  diminished  ; 
that  is,  that  the  friction  does  not  increase 
in  proportion  to  the  pressure,  but  in  a 
less  ratio. 

[To  express  this  malliematically,  let 
the  accelerating  force  with  which  C D 
is  actually  moved  be  C.  We  have 
then 


g-m'  ■ 


l/?. 

• wl 


m 


rrl 


+ 1 


vi 


+ 1 


Let 

and 


us  suppose  that  upon  increasing  m 
ml,  in  me  same  rabo  C is  increased. 
g 

of  the  value  of  C, 


The  first  part  m 

vl  ’ 

evidently  remains  of  the  same  value  as 
m 


before.  Hence,  the  second  part/ 

fix 

must  necessarily  be  duninished.  But 


the  factor  - 


- remains  the  same,  and 


::5+> 

mi 

therefore / must  l)e  diminished.  But  f 
expresses  the  ratio  of  the  friction  to  the 
pressure,  which  would,  therefore,  under 
these  circumstances,  be  diminished.] 
(12.)  Such  are  the  principles  upon 
which  Professor  Vince  founded  his  ex- 

Seriments.  He  found  that  when  he 
oubled  and  trebled  the  weights  of  C D 
and  S,  the  accelerating  force  with  which 
C D was  moved,  was  continually  in- 
crea.sed.  Thus,  when  CD  was  1 0 oz., 
and  S = 4 oz.,  the  space  moved  through 
in  two  seconds,  was  51  inches.  Upon 
making  C D = 20  oz.,  and  S = 8 oz., 
the  space  described  in  two  seconds  was 
56  inches  ; and  when  C D = 30  oz.,  and 
S = 12  oz.,  the  space  was  53  inches. 
Numerous  other  experiments  were 
made,  all  producing  similar  results. 
Professor  Vince  therefore  concluded, 


“ that  although  the  friction  increased 
with  the  increase  of  pressure,  yet  tlial  it 
increased  in  a somewhat  less  propor- 
tion." Thus,  when  tlie  pressure  was 
doubled,  the  friction  was  not  quite  twice 
its  former  amount ; also,  when  the  pres- 
sure was  trebled,  the  Motion  was  less 
than  three  times  its  former  amount ; and 
so  on. 

Having  established  this  conclusion, 
at  variance  with  former  received  doc- 
trines, a consequence  immediately  fol- 
lowed from  it,  also  inconsistent  with 
what  had  been  considered  as  an  esta- 
blished property  of  friction.  We  have 
shewn,  that  if  the  friction  be  propor- 
tional to  the  pressure,  it  will  be  inde- 
pendent of  the  magnitude  of  the  surface 
of  contact,  and  that  on  whatever  face  a 
body  is  placed,  tlie  friction  w ill  be  tlie 
same.  If,  however,  according  to  the 
results  of  Professor  Vince,  tlie  friction 
increase  in  a less  proportion  than  the 
pressure,  it  will  follow  that,  with  the 
same  pressure,  the  friction  will  increase 
when  the  surface  of  contact  is  in- 
creased. 

To  explain  this,  let  us  suppose,  as  in 
the  former  case,  that  a block  weighing 
sixteen  ounces,  has  a face  whose  mag- 
nitude is  sixteen  square  inches,  and  an 
edge  whose  magnitude  is  equal  to  one 
square  inch.  When  the  block  is  placed 
upon  its  face,  there  will  be  a pressure 
of  sixteen  ounces  upon  a surface  of 
sixteen  square  inches ; let  the  whole 
friction  be  equal  to  eight  ounces. 
Hence,  on  each  square  inch  there  will 
be  a pressure  of  one  ounce,  producing 
friction  equal  to  half  an  ounce.  N ow 
suppose  the  block  to  be  placed  upon  its 
ed^.  There  will  be  in  this  case  a pres- 
sure of  sixteen  ounces  upon  a surface 
of  one  square  inch.  Tlie  pressure  of 
one  ounce  upon  a square  inch  produc- 
ing a friction  of  half  an  ounce,  and  the 
friction  increasing  in  a less  proportion 
than  the  pressure,  it  follows  that  a pres- 
sure of  sixteen  ounces  upon  one  square 
inch  will  produce  a quantity  of  friction 
less  than  eight  ounces.  Hence  the 
friction,  when  the  block  rests  upon  its 
face,  is  greater  than  when  it  is  placed 
upon  its  edge.  In  the  same  way,  it 
follows  generally,  that,  under  the  same 
pressure,  the  friction  is  increased  when 
the  surface  of  contact  is  increased. 

This  conclusion  bemg,  like  the  for- 
mer, contrary  to  the  previously-received 
opinions,  Ihofessor  Vince  submitted  it 
to  the  test  of  experiments  conducted 
upon  the  same  principle  as  we  have 
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alre&dy  explained,  end  obtained  results 
from  numerous  trials,  which  fully  con- 
firmed the  consequence  he  had  deduced. 
He  found  that  the  motion  of  C D on  the 
plane,  produced  by  a given  weight,  S, 
was  always  more  accelerated  as  the 
surface  of  contact  was  diminished,  the 
pressure  being  the  same  ; from  whence 
it  followed,  on  the  principles  already 
explained,  that  the  fnction  was  dimi- 
nished. 

For  example,  a body  was  taken, 
whose  face  was  to  its  edge  in  the  ratio  of 
22  to  9.  The  same  weight,  S,  which 
moved  it  through  33  J inches  in  two 
seconds,  placed  upon  its  face,  moved  it 
through  47  inches  in  the  same  time, 
when  placed  upon  its  edge. 

Again,  when  the  face  was  to  the  edge 
as  32  to  3,  the  spaces  through  which  it 
was  moved  in  two  seconds  were  32 
inches  and  374  inches.  Numerous 
other  experiments  were  instituted,  and 
atteialed  with  similar  results. 

(13.)  Most  of  the  experiments  by 
which  the  proportionality  of  the  fnction 
to  the  pressure  had  been  established, 
were  conducted  on  a principle  different 
from  that  adopted  by  Vince.  In  these 
the  friction  was  generally  measured  Iw 
the  force  necessary  to  put  the  body  C D 
in  motion,  being  placed  at  rest  upon 
the  horizontal  plane.  Vince,  however, 
makes  several  objections  to  this  method 
of  measuring  the  friction.  In  the  first 
place,  he  objects,  that  the  force  neces- 
sary to  put  the  body  in  motion  must  be 
necessarily  greater  than  the  friction. 
This  objection,  in  strict  theory,  is  un- 
doubtedly valid,  but,  practically  consi- 
dered, will,  we  conceive,  be  found  to 
have  but  little  weight.  It  is  very  true 
that  the  force  which  is  ci^ual  to  the 
friction,  is  that  weight  which  exactly 
keeps  the  friction  in  equilibrium,  and 
without  putting  the  body  in  motion, 
puts  it  in  a state  in  which  the  smallest 
additional  force  imaginable  will  produce 
motion.  If  the  experiment  be  nicely 
executed,  therefore,  the  weight  which  is 
found  just  to  produce  mobon  will  ex- 
ceed the  friction  by  a quantiw  so  small 
as  to  produce  no  sensible  effect  on  the 
results  of  the  investigation. 

It  is  ftirther  objected  by  Vince,  that 
the  force  which  opposes  the  motion  of 
the  body  from  a state  of  rest  is  not 
friction  alone,  but  friction  and  cohesion 
conjointly,  the  latter  in  general  greatly 
predominating  over  the  former.  In 
confirmation  of  this,  he  instituted  several 
experiments,  by  which  he  proved  that 
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the  force  necessary  to  put  a body  in 
motion  was  much  greater  than  the  force 
which  is  necessi^  to  continue  that 
motion  uniform ; assuming  that  the 
latter  must  be  the  true  measure  of  the 
friction. 

That  the  resi.stance  which  a body 
resting  upon  another  offers  to  a force 
tending  to  put  it  in  motion,  is  greater 
than  the  fidetion  of  the  same  body  when 
moving  on  the  other,  is  a fact  which  was 
distinctly  noticed,  and  very  accurately 
investigated  by  Coulomb.  But  this 
resistance  is  a.scribed  by  him  entirely 
to  friction,  and  accordingly  one  of  the 
principles  which  he  lays  down  as  esta- 
blished by  experiment  is  that  the  fnction 
of  bodies  at  rest  is  greater  than  the 
friction  of  the  same  bodies  in  motion. 

Coulomb  found  that  this  friction  of 
bodies  at  rest  (we  shall  call  it  friction 
for  the  present),  is  increased  to  a cer- 
tain hmit  with  the  duration  of  their 
contact.  That  is  to  say,  when  one  body 
rests  upon  another,  the  friction  of  their 
surfaces  increases  for  a certain  length  of 
time,  until  it  reaches  its  greatest  value ; 
after  this,  it  remains  constant ; and 
whatever  length  of  time  the  bodies  are 
permitted  to  rest  in  contact,  the  friction 
IS  not  increased.  The  length  of  time  in 
which  the  friction  reaches  its  greatest 
amount  was  found  to  be  different  in 
different  bodies.  When  the  bodies  are 
both  wood,  it  is  one  or  hvo  minutes ; 
when  they  are  both  metal,  it  is  so  short 
as  not  to  be  perceptible.  When  wood 
is  placed  upon  a metallic  surface,  the 
friction  continues  to  increase  for  several 
days. 

It  is,  therefore,  agreed  on  all  hands, 
that  the  resistance  of  bodies  at  rest  is 
much  greater  than  the  friction  when  one 
body  moves  upon  another;  and  the  only 
question  to  be  decided  is,  whether  this 
resistance  be  entirely  friction,  or  the 
mixed  effects  of  friction  and  cohesion  ; 
and  if  so,  what  proportion  the  cohesion 
bears  to  the  friction.  Professor  Vince' t 
reasoning  on  these  points  appears  to  he 
far  from  conclusive.  He  gratuitously 
assumes  in  the  first  place  that  the  re- 
sistance of  bodies  at  rest  is  the  mixed 
effect  of  friction  and  cohesion.  Thus 
far  we  should  be  inclined  to  go  with 
him ; because,  if  we  grant  the  existence 
of  such  a force  as  cohesion,  we  can 
scarcely  deny  that  it  must  lie  mixed  more 
or  less  with  friction  in  resisting  the  mo- 
tion of  the  one  body  upon  the  other.  Hut 
then  another  difficulty  arises  respecting 
the  results  of  Vince'*  own  experiments. 
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Dom  the  motion  of  one  body  upon  the 
other  altoeether  destroy  the  cohesion  ? 
Jf  not,  why  should  the  resistance  of 
bodies  in  motion  be  entirely  ascribed  to 
friction,  while  the  resistance  of  the  same 
bodies  at  rest  is  ascribed  to  the  united 
effects  of  friction  and  cohesion  ? We 
shall  not,  however,  pursue  tliis  ob- 
jection. 

Vinee  next  assumes  that  all  that  quan- 
tity by  which  the  resistance  of  bodies 
at  rest  exceeds  the  friction  of  the  same 
iwdies  when  movinq  one  upon  the 
other,  is  the  effect  of  cohesion.  It  is 
evident,  that  in  this  there  is  a tacit  as- 
sumption that  the  friction  of  bodies  at 
rest  is  equal  to  the  friction  of  bodies  in 
motion;  for  the  whole  resistance  of 
bodies  at  rest  arises  from  the  sum  of 
tlie  effects  of  their  friction  and  cohesion ; 
and  he  assumes  that  if  from  this  sum 
the  frieli'in  in  motion  be  subtracted, 
the  remainder  will  be  the  friction  at  rat. 

If  the  proportion  of  the  parts  of  the 
resistance  which  are  to  be  assigned  to 
friction  and  cohesion  be  introduced  into 
fhu.  investigation  at  all,  it  would  have 
been  desir^le  that  experiments  should 
be  instituted  to  determine  this.  We 
would  be  led  to  expect  from  such  experi- 
ments a very  different  result  from  that 
assumed  by  Vince,  and  should  antici- 
pate tliat  in  most  cases  the  cohesion 
would  be  found  to  bear  a very  small 
proportion  to  the  friction ; and  that, 
therefore,  the  friction  at  rerf  would  still 
be  found  to  be  much  greater  than  the 
friction  in  motion. 

The  quantity  of  cohesion  might,  we 
conceive,  be  thus  determined : — Let  a 
string  be  attached  to  the  body,  which 
rests  upon  the  plane  at  a point  imme- 
diately over  its  centre  of  gravity,  and 
let  tins  string  be  carried  in  a vertical 
direction  over  a fixed  pulley,  and  let  a 
weight  be  suspended  from  it  exactly 
eipial  to  tlie  weight  of  the  body  wliich 
rests  upon  the  plane.  Tliis  weight  will 
equilibrate  with  that  of  the  body,  and 
the  force  with  which  the  body  will  then 
be  attached  to  the  plane  will  be  that  of 
the  cohesion  alone.  Now,  let  small 
weights  or  tine  sand  lie  aiided  to  the 
weight  which  equilibrates  that  of  the 
bialy,  until  the  body  be  just  lifted  from 
the  plane.  This  ailditional  weight  may 
be  taken  as  the  nica.surc  of  the  cohe- 
sion ; and  if  it  be  subtracteil  from  the 
weight  which  just  moves  the  body  upon 
the  plane  acting  in  a direction  parallel 
to  the  pl.me,  tlie  reiniiindcr  will  evi- 
dently be  Uie  true  value  of  the  friction 


at  rest.  We  have  not  had  an  oppor- 
tunity of  instituting  experiments  on  this 
principle,  but  are  strongly  disposed  to 
predict  that  in  most  cases  the  cohesion 
would  be  found  to  bear  a very  small 
ratio  to  the  friction. 

That  the  duration  of  the  contact 
should  increase  the  friction  is  not  diffi- 
cult to  conceive,  inasmuch  as  the  effect 
of  the  pressure  acting  for  a certain  time 
is  to  make  various  asperities  and  in- 
equalities of  the  surfaces  insert  them- 
selves among  each  other  more  etfcc- 
tually  than  they  could  if  one  surface 
were  moving  over  the  other.  We  may 
illustrate  this,  as  in  a former  instance, 
by  two  brushes  placed  one  upon  the 
other.  If  a weight  lie  placed  upon  the 
upper  brush,  the  pressure  will  cause  the 
hairs  of  the  one  to  insinuate  themselves 
and  descend  between  the  hairs  of  the 
other.  Tills  process  will,  however, 
proceed  gradually;  and,  after  the  lapse 
of  a certain  interval,  will  cease.  A con- 
siderable force  will  then  he  requisite  to 
put  the  one  brush  in  motion  over  the 
other  ; but  when  in  motion,  the  same 
pressure  will  fail  to  produce  so  gr«»t  an 
intermixture  of  the  hairs,  since  in  no 
one  position  of  the  linishes  will  suffi- 
cient time  be  given  to  produce  so  great 
an  effect.  Tliese  cficcts,  if  minutely 
examined,  will  be  found  to  have  tlie 
most  exact  analogy  and  correspondence 
with  the  properties  of  friction,  as  de- 
termirnd  liy  the  experiments  of  Cou- 
lomb ; and  they  illnstmtc,  if  not  explain, 
the  plii'nomenon  of  the  friction  at  rnt 
being  greater  than  the friction  in  motion. 

The  experiments  of  Coulomb  were 
not,  however,  confined  to  the  investi- 
gation of  the  quantity  of  tlie  hiclion 
when  the  bodies  under  examination  are 
put  in  motion  from  a stale  of  rest.  He 
also  examined  the  friction  of  Imdies  in 
motion,  and  determined  that  friction  i.s 
an  uniformly  retarding  force,  in  nearly 
the  same  manner  as  Professor  Vince. 
He  also  examined,  in  different  sub- 
stances, the  proportion  between  (lie 
friction  at  rat  and  the  friction  in 
motion,  and  found  that  this  proportion 
is  different  with  different  bodies.  In 
woods,  the  friction  at  reit  he  found  to 
amount  to  half  tiie  pressure,  wliile  the 
friction  in  motion  only  amounts  to  an 
eigiith  of  it.  Between  wood  and  metal, 
the  friction  at  re»l  w as  found  to  lie  one- 
fifth  of  the  pressure,  and  Uie  friction  in 
motion  one-twclftli  of  it.  Between 
met.ils,  there  was  no  sensible  ditferenoa 
observed  between  the  two  frictions. 
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(M.)  From  the  circumstance  of  fric- 
tion liein^  an  uniformly  retarding  force, 
it  follows  tliat  it  is  independent  of  the 
velocity,  for  it  is  found  to  continue  the 
same  while  the  velocity  is  oontimially 
inmased.  In  this  result  all  the  expe- 
riments agree  very  nearly, 

(IS.)  From  all  that  we  have  stated, 
Uie  reader  will  easily  pereeive  that  much 
still  remains  to  be  discovered  resjiecting 
the  nature  and  properties  of  friction. 
Tlie  experiments  of  GoiUomh  and  FiVice 
seem  to  be  executed  with  equal  preci- 
sion, and  govem«l  by  scientific  prin- 
ciples equally  just,  and  yet  we  find  them 
ditfer  considerably  concerning  the  lead- 
ing and  important  principle  of  the  pro- 
portionality of  the  friction  to  the  pres- 
sure. Coulomb  is,  however,  uniformly 
supported  in  his  results  by  the  experi- 
ments of  Ximenft  and  various  others ; 
and  / Vnre,  we  Iwlieve.stamis  alone  in  his 
conclusions,  at  variance  with  these.  The 
ex))erimcnls  of  Ximenet  are  sidject  to 
some  little  discordance  with  each  other, 
and  with  those  of  Coulomb,  owing  to 
his  not  having  noticed  the  circumstance 
of  the  friction  at  reit  depending  on  the 
time  of  contact,  and  having  put  the 
bodies  in  motion  witliout  having  waited 
for  the  friction  to  reach  its  maximum. 

(16.)  Be.sides  the  results  which  we 
have  mentioned,  there  are  other  parti- 
culars which  were  developed  in  tlie  ex- 
periments of  Coulomb,  which  it  may  not 
be  useless  to  state. 

Friction  varies  in  general  with  the 
quality  of  tlie  surfaces ; in  new  wood 
planeil,  it  amounts  to  half  the  pressure ; 
in  metals,  to  one-fourth ; and  in  wood 
and  metals,  to  one-fifth. 

As  the  surfaces  arc  worn  by  attrition, 
the  friction  is  generally  diminished ; But 
this  has  a limit,  and  the  friction  soon 
reaches  its  minimum.  In  woods,  flxmi 
lieing  half  the  pressure,  it  is  reduced 
by  attrition  to  a third. 

Between  wooils  the  fiiction  is  less 
when  the  grains  cross  each  other  than 
wlien  they  are  placed  in  the  same  direc- 
tion. It  is,  in  the  former  case,  one- 
fourth  of  the  pressure ; and,  in  the  lat- 
ter, half  the  (Assure. 

In  general,  friction  is  greater  between 
surfaces  of  the  same  kind  than  between 
surfaces  of  different  kinds. 

While  the  attrition  continues  to  dimi- 
nish the  friction  it  is  not  an  uniformly 
retarding  force,  and,  therefore,  until 
tiiis  etfriit  ceases  it  will  not  be  found 
to  be  independent  of  the  velocity. 

* .Friction  diminisfaaa  as  the  wsoothness 


of  the  surfkces  of  contact  is  increa.sed. 
However,  by  carrying  the  polish  of 
the  surfkce  too  far,  we  shall  produce  a 
considerable  resistance  from  cohesion. 

Friction  is  diminished  by  anointing 
the  surfaces  of  contact  with  some  mie- 
tuous  substances,  as  tallow,  oil,  grease. 
Coulomb  considers  that  the  greater 
the  consistency  of  the  ointment,  the 
greater  will  lie  the  advantage.  Fresh  tal- 
low diminishes  the  friction  by  one-half. 

According  to  Vince  » results,  it  would 
apjiear  that  friction  is  diminished  by 
dumnishing  the  surface  of  contact.  But 
even  admitting  this  as  a general  prin- 
ciple, H has  an  obvious  limit  in  practice, 
for  if  the  one  surface  be  small  and  the 
other  soft,  a (move  will  lie  ploughed  by 
one  surface  in  the  other,  and  tiius  the 
friction  will  be  produced. 


Chaptek  III. — Of  the  Friction  of  one 
Body  rolling  over  the  Surface  of  an- 
other. 

(17.)  When  one  body  rolls  upon  an- 
other, it  is  very  obvious  that  friction  pro- 
duces much  less  resistance  to  the  mo- 
tion than  when  it  slides,  as  descrilied 
in  the  last  Chapter.  In  this  case  the 
parts  of  the  one  surface  are,  in  some 
degree,  successively  Ifted  from  off  the 
other,  and  the  asperibes  act  in  a man- 
ner totally  different  from  the  case  of 
sliding,  already  considered.  One,  at 
least,  of  the  bodies  must,  in  this  case, 
be  bounded  by  a curved  surface,  anil 
therefore  the  surface  of  contact  mu.st 
necessarily  be  veir  small,  which  is  an- 
other cause  of  the  diminution  of  the 
friction.  If  the  rolling  body  be  cylin- 
drical, the  points  of  contact  of  the  'sur- 
faces will  form  a straight  line  upon  the 
surface  of  the  cylinder, -the  surface  on 
which  the  cylinder  rolls  being  either 
that  of  another  cylinder  having  its  axis 
pu-allel  to  that  of  the  former,  or  a plane. 
But  if  the  rolling  body  be  a sphere,  a 
spheroid,  or  any  similar  shape,  the  sur- 
face of  contact  will  be  r^uced  to  a 
single  point 

To  explain  the  manner  of  inves- 
bmtting  experimentally  the  properties 
of  this  sjtecies  of  friction,  let  us  sup- 
pose two  perfectly  plane  tables,  AB, 
C D,  (fig.  3,)  plac^  exactly  in  the  same 
horizontal  plane.  On  these  let  a cyUn- 
der,  £ F,  be  placed  with  its  axis  at  right 
angles  to  their  length.  At  the  middle 
of  the  interval  between  the  tables,  let  a 
flexible  string  be  passed  across  (he 


cylinder,  havin);  dishes  of  exactly  equal 
weight  suspended  at  its  extremities.  By 
placing  equal  weights  in  these  dishes, 
any  requiro  pressure  may  be  produced 
upon  the  table.  If,  then,  fine  sand  be 
poured  into  either  scale  until  its  pre- 
ponderance just  gives  motion  to  the 
cylinder,  this  additional  weight  will  be 
equal  to  the  friction. 

In  this  way  the  diameter  and  material 
of  the  cylinder,  as  well  as  the  pressure 
it  exerts  against  the  plane,  may  be 
varied  at  pleasure.  In  making  experi- 
ments, it  would  be  useful,  in  each  trial, 
to  pour  the  sand  succe.ssively  in  each 
scale,  so  as  just  to  make  the  cylinder 
move  in  each  direction.  If  the  weights 
which  produce  the  motion  differ  by  a 
small  quantity,  a mean  lietween  may  be 
taken  to  represent  the  friction. 

(18.)  The  results  of  numerous  expe- 
riments instituted  in  this  way  by  Cou- 
lomb were  as  follow : — 

1.  With  the  same  cylinder  the  fric- 
tion is  proportional  to  the  pressure. 

2.  With  cylinders  of  the  same  sub- 
stance, having  different  diameters,  but 
equal  pressures,  the  friction  is  inversely 
as  the  diameters. 

3.  With  cylinders  of  the  same  sub- 
stance, differing  both  in  diameter  and 
pressure,  the  metion  is  directly  as  the 
pressures,  and  inversely  as  the  diame- 
ters ; or  in  a ratio  compounded  of  the 
direct  ratio  of  the  pressures  and  the  in- 
verse ratio  of  the  diameters. 

To  explain  the  last  two  results  to 
those  who  arc  not  conversant  wiUi  ma- 
thematical phraseology : — Suppose  that 
two  cylinders,  one  of  two  and  the  other 
of  five  inches  diameter,  exerted  equal 
pressures  on  the  tables,  it  would  be 
found  that  the  friction  of  the  two-inch 
cylinder  would  be  greater  than  that  of 
tne  five-inch  cylind^,  in  the  proportion 
of  five  to  two. 

Again,  suppose  that  the  two-ineb 


cylinder  exerts  a pressure  of  three 
pounds,  and  the  five-inch  cylinder  a 
pressure  of  seven  pounds. — it  will  be 
found  that  the  friction  of  the  two-inch 
cylinder  will  be  to  that  of  the  five-inch 
cylinder  in  the  proportion  of  the  pro- 
duce of  five  and  three  to  the  product  of 
two  and  seven,  or  as  fifteen  to  fourteen. 

It  was  found  that  greasing  the  sur- 
bces  does  not  at  all  diminish  this  spe- 
cies of  friction. 

When  a cylinder  of  mahogany,  whose 
diameter  was  about  three  inches,  was 
rolled  upon  a plane  of  oak,  the  friction 
was  about  one-sixteenth  of  the  pres- 
sure ; and  when  it  rolled  upon  a plane 
of  elm,  the  friction  was  only  one  hun- 
dredth of  the  pressure. 

It  is  evident,  therefore,  that  between 
the  same  substances  this  species  of 
friction  is  much  less  than  that  of  sliding. 

The  string  used  in  these  experiments 
should  be  so  flexible,  that  its  rigidity  or 
stiffness  shall  prtxlucc  no  sensible  effect 
upon  the  results. 


Chapter  IV. — On  Ihe  Friction  of  me 
Surface  revolving  in  contact  unth  an- 
other, without  rolling. 

(19.)  If  a body,  having  any  round 
figure,  lie  made  to  revolve  while  it  is 
pressed  with  any  force  against  any  sur- 
face, and  at  the  same  time  is  prevented 
from  rolling  along  that  surface,  a spe- 
cies of  friction  will  be  produced  differ- 
ent from  any  which  we  have  yet  con- 
sidered. Tins  species  of  friction  seems 
to  partake  of  the  nature  of  each  of 
those  which  we  have  considered  in  the 
last  two  Chapters.  As  in  the  formgr, 
the  surfaces  elide  one  over  the  other 
and  as  in  the  latter,  the  surface  of  con- 
tact is  reduced  to  a line;  we  accord- 
ingly find  Ihe  d^jree  of  this  friction, 
under  similar  circumstances,  holding  an 
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intermediate  place  between  the  other 
two,  being  less  than  the  friction  of 
hiding,  and  greater  than  the  friction  of 
rolling. 

To  explain  this  friction,  and  the  ex- 
periments by  which  its  properties  may 
be  determined,  let  us  suppose  a solid 
cylindrical  axis,  AB,  (fig.  4,)  inserted  in 
an  hollow  cylinder,  of  a diameter,  C B, 
somewhat  greater  than  A B,  so  as  to 
pemflt  the  hollow  cylinder,  B C,to  turn 
round  it,  A B.  Let  the  cylinders  be 


placed  with  their  axes  horixontal,  and 
let  the  hollow  cylinder  be  the  centre  or 
box  of  a wheel,  D E.  Let  an  extremely 
flexible  string  be  passed  over  the  eelge 
of  this  whrel,  in  a grove  formed  to  re 
ceive  if,  and  let  scales,  G H,  be  append- 
ed to  its  extremities.  In  consequence 
of  the  form  of  the  axle  and  hollow  cy- 
linder, and  the  manner  in  which  the 
weight  of  the  wheel  acts,  the  points  of 
contact  of  the  axle  and  the  cylinder  will 
be  in  a straight  line,  formed  by  the  in- 
tersection of  a vertical  plane  passing 
through  the  axis  of  the  cylinder,  witih 
the  surface  of  the  cylinder.  In  fact,  if 
from  the  point  of  contact,  B,  a line  be 
conceived  to  be  dra\vn  pcrpendicidar  to 
the  plane  of  the  paper,  along  the  inner 
surface  of  the  cylinder,  the  axle  and  the 
cylinder  will  touch  in  that  line,  and  in 
no  other  poinfs.  It  appears,  therefore, 
that  if  the  hollow  cylinder  be  supposed 
to  revolve  round  the  axle,  as  happens 
in  a carriage  wheel,  every  part  of  the 
surface  of  me  hollow  cylinder  is  suc- 
cessively exposed  to  the  effect  of  fric- 
tion ; while  no  part  of  the  axle  suffers 
this  effect,  except  the  side  which  passes 
through  the  point,  B,  of  its  section.  If, 


on  the  contrary,  as  sometimes  happens, 
the  axle  revolve  within  the  cylinder,  the 
opposite  effects  are  produced.  The 
entire  surface  of  the  axle  is  successively 
exposed  to  the  effects  of  friction,  while 
these  effects  are  confined  to  one  line 
upon  the  surface  of  the  hollow  cylinder. 

By  loading  the  dishes  G H with  any 
equal  weights,  the  axle  may  be  submit- 
ted to  any  proposed  pressure.  If,  when 
they  are  equally  loaded,  some  fine  sand 
be  poured  into  one  of  the  dishes  until  its 
weight  just  gives  motion  to  the  wheel, 
the  weight  of  the  sand  will  be  sufficient 
to  determine  the  quantity  of  friction. 

The  preponderating  weight  is  not, 
however,  in  this  case,  the  immediate 
measure  of  me  friction.  It  is  to  be  con- 
sidered that  the  wheel  is  turned  round 
its  centre,  I ; that  the  friction  which 
resists  this  motion  acts  at  B,  and  there- 
fore with  me  leverage  B I ; while  the 
preponderating  weight  which  overcomes 
me  friction  acts  with  the  leverage  E I. 
Let  the  friction  be  F,  and  the  prepon- 
derating weight  be  W ; then,  by  the 
established  properties  of  me  lever,  we 
have 

F;  W ::  El : BI 

F = w5i- 

BI  > 

that  is,  the  friction  is  equal  to  the  addi- 
tional weight  which  produces  the  mo- 
tion, multiplied  by  the  radius  of  the 
wheel,  and  divided  by  me  raclius  of  the 
hollow  cylinder  which  plays  upon  me 
axle. 

Thus,  it  appears  that  the  friction  is 
greater  man  tne  preponderating  weight 
in  the  proportion  of  the  radius  of  Uio 
wheel  to  the  radius  of  the  cylinder. 

As  in  the  experiments  to  determine 
the  friction  of  rolling,  so  here  also  each 
experiment  should  be  tried  in  both 
dishes,  and  the  mean  of  the  results 
taken. 

To  determine  whether  the  fnction  be 
an  uniformly  retarding  force,  a weight 
must  be  placed  in  one  of  the  dishes 
greater  than  that  which  is  necessary  to 
overcome  the  friction.  This  Will  cause 
the  dish  to  descend  with  an  accelerated 
motion,  and  by  placing  a graduated 
vertical  scale  near  it,  the  rate  of  its  ac- 
celeration may  be  ascertained.  If  it  be 
found  that  me  spaces  through  which  it 
descends,  in  one.  two,  or  mree  seconds. 
See.  are  as  the  numbm  1,  4,  9,  See. ; in 
other  words,  if  me  spaces  be  as  the 
squares  of  the  times,  the  motion  is  uni- 
formly accelerated.  Hence  it  may  be  in- 
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forred,  th&t  the  friction  is  an  uniformly 
retarding  force,  on  exactly  the  same 
hnriples  as  have  already  been  fully 
eveloped  in  (9)  and  (10). 

Tlie  string  used  in  these  exi>eriraents, 
like  those  described  in  the  last  Chapter, 
should  be  so  flexible  as  that  its  stiliness 
sli:dl  produce  no  sensible  efi'uct  on  the 
H'sidts. 

(20.)  By  a series  of  experiments  con- 
ducted as  we  have  described.  Coulomb 
found  that,  like  tlie  other  modifications 
of  friction,  the  law  of  the  proportionality 
of  (he  friction  to  the  pressiue  obtained, 
also,  in  this  case;  subject  however  to  the 
exception  before  mentioned,  that  in 
veiy  great  pressures  the  friction  is 
somewhat  less  in  proportion. 

He  also  found,  that,  as  in  the  friction 
of  sliding,  great  advantage  was  gained 
by  greasing  the  surfaces.  In  ginenU, 
flesh  fallow  diminishes  the  friction  by 
one-half.  It  increases  as  the  grease  is 
wasted  away.  This  effect  is,  however, 
more  slow  than  in  the  friction  of  sliding. 

This  species  of  friction  is  also  an 
uniformly  retanling  force,  ami  is  there- 
fore independent  of  the  velocity. 

Like  the  other  species  of  fi  iction,  the 
cjuantity  of  tliis  depends  on  the  quality 
of  the  surfaces.  If  iron  revolve  in  con- 
tact with  brass,  tlie  friction  is  one- 
seventh  of  the  pressure.  When  both 
surfaces  are  woorl,  tlie  friction  is  one- 
tweltth  of  the  pressure. 

In  general,  the  same  observations 
which  were  made  respecting  the  friction 
of  sliding,  will  also  apply  to  the  species 
of  friction  which  we  nave  considered  in 
this  C'hmter. 

(21.)  The  friction  of  bodies  turning  on 
pivots  seems  to  comeivithin  the  species 
we  arc  now  considering.  This  was  also 
examined  by  Coulomb,  and  a memoir 
on  the  subjert  was  published  by  him  in 
the  Memoirs  of  the  French  Academy  in 
1 790.  A very  succinct  and  clear  ac- 
count of  this  is  given  by  Dr.  Gregory  in 
the  second  volume  ot  his  Memanict, 
from  which  we  extract  the  following 
particulars : — 

“ Bodies  which  are  made  to  turn  upon 
pivots  arc  usually  suspended  by  means 
of  a cheek,  socket,  or  collar,  of  very 
nard  matter.  The  collar  has  its  cavity 
of  a conic  form,  and  terminated  at  its 
summit  by  a little  concave  segment, 
whose  radius  of  curvature  is  very  smaU. 
Tlie  point  of  the  pivot  which  is  sustain- 
ed by  this  collar  forms  at  its  summit  a 
little  convex  surface,  whose  radius  of 
curvature  should  be  still  smaller  than 


that  of  the  extremity  of  the  oheek.  Ex- 
perience evinces  that  the  curvature  of 
the  bottom  of  the  socket  is  irregular, 
and  that  the  friction  of  a collar  of  agate 
on  w hich  a pivot  turns,  is  frciiuently 
five  or  six  times  more  considerable  than 
the  momentum  of  friction  of  a well- 
polished  plane  of  agate  on  which  the 
same  pivot  turns. 

“ Tliese  considerations  induced  M. 
Coulomb  to  employ  in  the  course  of  his 
experiments,  not  a cheek  or  a socket, 
but  a well-polished  plane,  to  siipi>ort 
the  body  on  the  point  of  a pivot.  To 
prevent  the  body  from  sliding,  he  took 
care  that  its  centre  of  gravity  should  be 
very  low,  with  respect  to  the  ))oint  of 
suspension : he  then  made  the  body  to 
whirl  or  spin  about  its  pivot,  by  im- 
pressing upon  it  a rotatory  motion.  By 
means  of  a seconds  watch,  he  observed 
exactly  the  time  employed  tiy  (he  body 
in  making  the  first  four  or  five  turns, 
and  he  tlienoo  deduced  easily  a mean 
turn  to  determine  the  ))rimitive  velocity 
after  this  he  countiii  the  nuinlier  ot 
turns  which  tlie  body  made  before  it 
stopiied, 

“ Coulomb  took  aglass  bell  of  -IS  lines 
in  diameter  and  Ot)  lines  in  height,  which 
weighed  b ounces.  lie  placed  it  on  the 
point  of  a pivot ; and  after  giving  it 
successive  degrees  of  velocity  about  that 
pivot,  he  observed  very  exactly  the  time 
that  it  employed  to  make  the  first  turn, 
which  gave  him  for  the  mean  velocity 
that  which  answered  to  the  half  of  such 
first  turn.  He  thenestim.atcd  the  num- 
ber of  turns  made  by  the  liell  before  it 
stopped : the  results  were  as  below — 

“ 11/  Trial.  Tlie  bell  made  one  turn  in 
4",  and  oanieto  rest  after  34,',  turns. 

“ 2d  Trial.  The  bell  made  one  turn  in 
6T',  and  stopped  after  14rii  turns. 

" 3rf  Trial.  The  bell  made  one  turn  in 
ll",  and  stopped  after  4^  turns. 

[“  Now  if  b denote  the  primitive 
velocity.  X the  space  described  lietwren 
the  commencement  and  the  end  of  the 
motion,  A the  constant  momentum  of  Uie 

retarding  force  ;/^  tbe  sum  of  the  pro- 
ducts of  every  particle  /a,  by  the  square 
of  its  distance  r from  the  axis  of  rota- 
tion, divided  by  the  quantity  a,  measuring 
the  distance  from  (lie  axis  of  rotation 
to  the  point  whose  primitive  velocity  is 
b,  it  is  easy  to  find  the  following  analy- 
tical expression  for  the  constant  mo- 
mentum of  the  Ml  retardatrije,  vis. 
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“ But,  because  in  the  three  precedinc; 
trials,  the  same  bell  was  employed,  tlie 
i*r*  fr* 

quantity  / ~ the  same : — must 

therefore  be  a constant  quantity  if  A be 
constant,  and  reciprocally.  But  in  each 
trial  there  was  rcckomxi  the  time  em- 
ployed tiy  the  apparatus  in  performing 
an  entire  revolution.  Tlie  mean  velocity, 

“ 1st  Trial. 


or  the  velocity  due  to  the  half  of  each  first 
revolution,  will,  therefore,  be  measured 
by  tlie  circumference  run  over.  The 
sp.ace  described  up  to  the  end  of  the 
motion,  will  be  measured  by  the  num- 
ber of  turns  run  through  from  the  in- 
stant where  the  mean  velocity  was  de- 
termined until  the  end  of  the  motion. 
Thus  l)v  computing  from  the  data  fur- 
nished by  the  three  trials,  we  may  form 
the  following  table ; — 


1 turn  in  4",  stops  at  34t^  turns,  whence  results  — 
2d  Trial.  . . . 6*»  . . , 14* * 


3d  Trial. 


11" 


~zir 


“ This  experiment,  then,  shows  une- 
6’ 

quivocally  that  the  quantity  and 

consequently  the  quantity  A which  ex- 
presses the  momentum  of  friction,  are 
constant  quantities,  whatever  be  the 
primitive  degree  of  velocity ; and  that, 
consequently,  the  velocity  has  not  any 
influence  upon  the  reristance  due  to  the 
friction  of  pivots,  which  from  this  expe- 
riment is  necessarily  proportional  to  a 
function  of  the  pressure. 

“ When  this  experiment  is  made  in  a 
vacuum,  a much  less  heavy  liody  may 
he  employed,  and  of  any  form  whatever, 
and  the  s'amc  result  will  lie  obtained. 

“ In  other  experiments, Coulomb  bent 
a brass  wire  of  9 inches  in  length ; the 
parallel  branches  were  24  lines  distant 
from  one  another : the  part  of  the  wire 
curved  in  tlie  form  of  a semicircle  which 
joined  the  two  branches  was  about  3 
inches  long ; and  the  two  vertical  and 
parallel  branches  were  also  each  3 
inches  long.  To  the  extremity  of  each 
vertical  branch  was  attached  by  means 
of  wax  a piece  of  metal,  and  there  was 
fixed,  in  like  manner,  in  the  middle  of 
the  concave  part  of  the  wire,  to  serve 
for  the  cheek  or  bush,  a small  well- 
polished  plane  of  ditl'erenl  substances 
on  which  the  friction  of  the  point  of  the 
pivot  was  to  be  determined : finally, 
tliere  was  fixed  to  the  summit  of  a sup- 
port a little  needle  of  temjiered  steel, 
and  whose  point  it  was  necessaiy  to 
render  more  or  less  fine,  rounded,  or 
obtuse,  according  to  the  nature  of  the 
cheeks,  and  to  the  pressure  which  they 
were  to  experience.  The  extremity  of 
the  needle  first  used  by  Coulomb,  ap- 
peared, when  examined  by  a micro- 
scope, to  Ibnn  a conic  angle  of  18  or  20 
degrees.  The  friction  of  this  needle 
against  well-polished  planes  of  granit< 


agate,  rook  c^stn.,  glass,  and  tempered 
steel  respectively,  was  tried;  and  the 
result,  taking  in  each  experiment  tlie 

b' 

mean  quantity  represented  by  — (a 

quantity  which  was  always  found  to 
vary  between  very  narrow  limits),  gave 
the  momentum  of  friction  of  the  point 
of  tlie  needle  against  the  planes  of  gra- 
nite, agate.  See.  respectively,  in  the 
ratio  of  the  fractions  .^*0.  rtr-  xfu- 
: so  that  the  momentum  of  friction 
of  the  plane  of  granite  being  represented 
by  unity,  we  shall  have  for  the  momen- 
tum of  the  friction  of  rotation  relative 
to  the  other  substances  as  below : — fric- 
tion of  granite,  1 ; of  agate,  1'214  ; of 
rock  crystal,  1'313;  of  glass,  l’777  ;of 
steel,  2'257. 

“ Coulomb  likewise  employed  himself 
during  these  experiments,  in  determin- 
ing the  more  or  less  acute  form  which 
should  be  given  to  the  points  of  the 
pivots.  To  tliis  end  he  caused  to  be 
successively  rounded  into  cones  of 
greater  or  less  acuteness,  the  extremity 
of  a steel  needle,  that  it  might  thence 
appear  whether  the  change  of  figure 
had  any  influence  upon  the  friction. 
TJius  he  found  that,  under  a certain 
charge,  the  point  of  tlie  pivot  being 
shaped  to  45  degrees,  the  quantity 

AI 

_ was,  for  granite,  ,*5  ; agate,  i*j  ; 

X 

glass,  1*,  ; tempered  steel, 

" Coulomb  then  gave  to  the  point  a 
more  acute  form,  so  that  the  angle  of 
tlie  cone  which  terminated  it  could  nut 
be  more  than  6 or  7 degrees ; and  he 
found,  still  retaining  tlie  same  charge 
or  pressure  as  before,  that  the  quantity 

iLwas,  for  agate,  tig ; glass,  g)g ; tem- 
pered steel,  li,. 
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“ Comparing  from  these,  and  other  ‘ 
experiments,  the  momentum  of  friction 
of  rotation  of  the  point  of  different 
pivots  against  a plane  of  agate,  he  found 

that  the  quantity  A.  which  varies  as  that 

X 

momentum,  was,  for  a pivot  of  45°,  itVs] 
a pivot  of  15°,  ; a pivot  of  6°,  li;.] 

“ After  this.  Coulomb  varied  the 
charge  in  his  experiments,  and  deter- 
mine the  relative  momentum  of  fric- 
tion of  pivots  under  different  pressures. 
But  without  going  further  into  detail, 
we  may  give  the  following  as  the  prin- 
cipal deductions  fi-om  the  whole. 

" 1 . That  the  friction  of  pivots  is  inde- 
pendent of  the  velocities,  being  merdy 
as  a function  of  the  pressure. 

*‘2.  That  the  friction  of  granite  is  less 
than  that  of  glass. 

“ 3.  That  the  figure  of  the  point  of  the 
pivot,  as  to  acuteness,  affects  the  quan- 
tity of  friction;  in  suchmanner  that  when 
we  cause  to  whirl,  upon  the  point  of  a 
needle,  a body  weighing  more  than  5 or  6 
drachms,  the  most  advantageous  angle 
for  that  point  appeared  to  be  from  30° 
to  45°;  under  a Ws  pressure,  the  angle 
might  be  progressively  diminished,wiUi- 
out  the  friction  being  perceptibly  aug- 
mented ; it  may  even  without  great  in- 
convenience be  reduced  to  10°  or  12° 
with  good  steel,  when  the  charge  does 
not  exceed  100  grains, — an  important 
consideration  in  the  suspension  of  light 
bodies  upon  cheeks  or  sockets. 

“ These  rules  may  be  useful  to  the 
makers  of  chronometers." 


Cbaftbr  V. — On  the  Rigidity  nf 
Cordage, 

(22.1  In  considering  the  effects  of  cor- 
dage in  our  second  treatise,  we  assumed 
that  it  possessed  perfect  flexibility.  In 
cases  where  experiments  are  instituted 
on  a small  scale,  with  light  weights  and 
moderate  tensions,  fine  silken  threads, 
or  even  thin  packthread,  may  be  used, 
without  any  consideration  of  their  rigi- 
dity, because  in  these  cases  the  flexibi- 
lity is  so  great  that  no  sensible  effect  is 
produced  by  stiffness.  But  in  most 
cases  which  occur  in  actual  practice, 
where  great  resistances  are  to  be  over- 
come, or  considerable  weights  to  be 
elevated,  ropes  are  used  whose  thickness 
and  strength  necessarily  produce  consi- 
derable rigidity ; and  if  we  would  know 
the  rekl  and  practical  power  of  the  ma- 
chines we  use,  it  is  necessary  to  be  able 


to  determine  the  effects  of  the  stiffness 
of  the  cordage  with  which  we  work. 

Althoi^h  the  theory  of  the  rigidity  of 
cordage  is  much  more  satisfactory  and 
more  conformable  to  experiment  than 
any  which  has  yet  been  invented  re- 
specting friction,  yet  it  is  more  difficult 
to  explain  it  in  a simple  and  popular 
manner.  The  stiffness  of  a rope  de- 

Sends  on  the  elements  by  which  it  is 
etermined  in  a manner  which  is  very 
easily  explained  to  one  that  is  ffimiliar 
with  the  elements  of  algebi^  but  ex- 
tremely difficult  to  express  in  ordinary 
language. 

explain  the  manner  in  which  the 
rimdity  of  a rope  obstructs  the  action 
of  a machine,  let  the  equal  weights  A,  B, 
(Jig.  5,)  be  supposed  to  be  connected  by 
Fig.  5. 
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a rope,  ACDB,  passing  over  a fixed  pul- 
ley, O.  By  adumg  a small  weight  to  A, 
the  wheel  will  be  turned  in  the  direction 
DKC.  That  part  of  the  rope  which  has 
been  applied  to  the  semicircle,  DKC, 
will,  by  reason  of  its  rigidity,  have  a 
tendency  to  retain  the  semicircular  form, 
and  to  resist  any  effort  to  disturb  that 
form.  Let  us  suppose  that  if  actually 
retains  that  form  during  a small  motion 
of  the  wheel.  The  pairt  DCK  of  the 
rope  will  then  continue  to  be  applied  to 
the  wheel,  but  the  points  C and  D will 
be  moved  to  the  position  C',  D'.  For 
the  same  reason  that  the  part  DCK  of 
the  rope  endeavoun  to  retain  its  semi- 
circular form,  the  parts  DB  and  CA 
will  endeavour  to  retain  their  rectilinear 
form,  and  also  their  mrition  with  re- 
spect to  the  part  DCK.  Let  us  also 
suppose  that  during  the  small  motion 
already  mentioned,  they  actually  do 
maintain  both  their  figure  and  relative 
position,  and  that,  oonsequently,  at  the 
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end  of  the  motion  Oie  rene  and  weights 
are  in  the  position  A'C'D'B',  which 
would,  in  fact,  be  the  ease  if  the  rope 
were  perfectly  rigid,  and  the  friction 
with  the  wheel  auBicieut  to  prevent  it 
from  sliding  in  the  ^ove.  In  this 
position  the  weight  added  to  A,  instead 
of  acting  against  B with  an  equal  le- 
verage CO,  would  act  with  tlie  dimi- 
nished leverage  EO  against  B resisting 
witli  the  increased  leverage  FO,  (th« 
lines  A'E  and  B'F  being  drawn  perpen- 
dicular to  C D and  its  pri^uction.)  'Ihus 
it  appears  that  if  the  rop  were  perfectly 
rigid,  any  power  which  would  com- 
mence to  turn  the  wheel  would  very 
soon  bring  the  apparatus  into  such  a 
position,  the  opposing  weight  or  re- 
sistance gaining  leverage,  while  on  the 
other  hand  the  moving  power  would  be 
losing  its  leverage,  mat  the  machine 
would  come  to  equilibrium,  and  no  fur- 
ther motion  would  ensue. 

N ow  let  us  suppose,  what  is  generally 
the  case,  that  the  rope,  without  being 
absolutely  and  perfectly  rigid,  has  a 
certain  degree  of  stiffliess.  first,  sup- 
pose the  apparatus  to  assume  the  posi- 
tion represented  in  the  last  figure.  TTie 
weights  A'  and  B',  acting  upon  the  par- 
tially flexible  ropes  A'C'C  and  B IF. 
will  evidently  bend  ithem  mto  curves 
such  as  represented  in  fig-  6.  From  A' 
Fig.  6. 
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and  B',  as  before,  draw  the  prpendicu- 
lars  A’E  and  B'F,  and  it  is  obvious  that 
the  increase  of  weight  given  to  A'  works 
with  a diminished  leverage  EO,  while 
the  unaltered  weight  B'  receives  an  in- 
creased leverage  FO.  If  the  weight 
which  is  added  to  A'  multiplied  by  EO  be 
not  greaterthan  the  weight  B'  multiplied 
by  FO,  no  motion  can  ensue ; and  thus, 
owing  to  the  effect  of  the  rigidity  of  the 
rop,  a fixed  pulley  may  be  loaded  with 


unequal  weights,  and  yet  continue  in 
equilibrium. 

If  we  consider  the  effects  which  the 
weights  A'  and  B'  produce  upn  the 
rope  as  the  wheel  revolves,  we  shall  find 
them  very  different.  The  weight,  B, 
continually  bends  tlic  rope  B'D,  so  as 
to  give  it  at  the  jioint  O'  a curvature 
equal  to  thiit  of  the  groove  of  the  wheel. 
On  the  other  hand,  the  weight.  A',  is 
employed  in  destroying  tlie  curvature 
which  the  rope  had  when  resting  in  the 
groove,  and  even  in  giving  it  a curva- 
ture in  the  opposite  direction.  The  effort 
which  the  rope  in  this  case  makes  to 
retain  its  curvature  at  C tends  to  dimi- 
nish the  levera^  by  which  A'  acts,  but 
the  effect  of  A' m giving  curvature  to  the 
rope  in  the  opponte  mrection  below  C' 
counteracts  this  effect,  and  has  a ten- 
dency to  increase  the  leverage  of  A' ; 
the  mfference  between  these  effects  is 
what  produces  the  diminution  of  the  le- 
verage of  A'.  On  the  other  hand,  the 
resistance  which  the  rop  B'D'  offers  to 
flexure  is  opposed  to  the  effect  of  B' ; 
and  this  resistance,  undiminished  by  any 
other  cause,  is  wholly  effective  in  in- 
creasing the  leverage  of  B'.  We  may, 
therefore,  anticipate  that  the  increase 
DF  of  the  leverage  of  B'  is  much  greater 
than  the  diminution  CE  of  the  leverage 
of  A'.  This  effect,  which  is  found  by 
actual  experiment  to  obtain,  is  of  some 
importance  in  simplift-ing  the  theory 
of  rigidity.  For  we  find,  in  general, 
that  the  effect  of  the  weight  A'  upon  the 
rope  is  so  considerable  that  tlie  diminu- 
tion CE  of  its  leverage,  owing  to  the 
rigidity  of  the  rope  on  tjie  side  C,  is  so 
small  that  it  may  be  entirely  neglected, 
and  that  in  our  investigations  we  may, 
without  sensible  error,  consider  the 
weight  A'  as  acting  with  the  leverage 
OC,  or  the  radius  of  the  wheel. 

On  the  contrary,  for  the  reasons  just 
assigned,  the  increase  DF  of  the  lever- 
age of  B',  owing  to  the  rigidity  of  the 
rope  D B',  is  considerable,  and  forms  an 
important  element  in  the  determination 
of  the  effects  of  rigidiW. 

[Let  X express  the  weight  which 
must  be  added  to  A',  in  order  j ust  to  put 
the  wheel  in  motion,  and  we  have  by 
the  principles  of  the  lever, 

(x+A'l  r=B'(r+A), 
where  r expresses  the  radius  of  the  pul- 
ley and  b - DF.  Hence, 

xr+  A'r  = B'r-I-  B'i ; 
but  since  A'  = B',  therefore  A'r  = B r. 
Taking  these  equals  from  both,  we  find 

ar=B-4.-.a:=B'^ 
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Thus,  if  ft  were  known,  the  effect  of  the 
rieidity  correspondine  to  any  Riven 
■weUrht  or  pressure  vfould  be  known.  It 
appears  also,  that  in  order  to  allow  for 
the  riRidity  of  ropes  in  any  machine,  it 
is  only  necessary  to  suppose  the  leveraRo 
by  which  the  resistance  acts  to  be 
preater  than  it  is  by  a certain  quan- 
tity.  , . 

To  complete  the  theory  of  ngidity, 
it  will  then  be  necessary  to  determine  this 
quanbty  A ; and  in  explmninR  how  this 
is  done,  we  shall  perhaps  lie  compelled 
to  use  more  alRcbraical  principles  and 
notation  than  mo‘.t  of  our  readers  are 
familiar  with.  The  quantity  b evidently 
depends  alloRether  on  the  curvature  of 
the  rope  ITD',  6.  It  is  easy  to 
perceive  the  several  elements  on  which 
tliis  curve  depends ; 1st,  on  the  tension 
of  the  rope  or  the  weight  B'  with  wliich 
it  is  loaded  ; let  ttiis  be  called  ic ; 2nd, 
on  the  materials  of  the  rope,  and  the 
manner  in  which  they  have  been  manu- 
factured ; let  a express  tlie  quantity  by 
wtiich  Uiis  affects  the  rigidity ; 3rd,  on 
the  diameter  of  the  rope  ; let  this  be  d : 
4th,  on  the  radius  r of  the  wheel. 


Prom  any  three  of  these  four  equa- 
tions the  values  of  a,  m,  and  n may  be 
deduced.  These  being  known,  we  have 


and  hence 

. d» 

6= — (a+mw); 

tp 

thus  we  obtain  the  increase  of  Icver^e 
which  should  be  allowed  to  the  resist- 
ance when  the  diameter  of  the  rope  and 
its  tension  are  known. 

In  order  to  verify  the  empirical  for- 
mula just  mentioned,  or  to  j>rove  it  ns 
far  as  it  is  capable  of  proof,  it  is  only 
necessary  to  eliminate  the  quantities  ti, 
m,  and  n by  the  four  e(iuations  (A,)  and 
if  the  result  l>e  an  identity,  that  is,  an 
eqtmtion  whose  members  are  perfectly 
the  same,  the  four  equations  are  con- 
sistent. This  species  of  jiroof  may  be 
strengthened  by  multiplying  the  experi- 
ments, and  using  different  values  of  .r, 
w,  and  f ; and  if  an  elimination  of  a,  m, 
and  n,  from  every  combination  of  four 
equations,  the  certainty  of  the  proof  is 
aU  but  equal  to  tliat  of  demonstrabon.] 


The  empirical  formula 

d” 

x = — (o+mte) 

is  assumed  to  represent  x.  By  an  em- 
pirical formida  is  meant  one  that  is 
conceived  or  invented  without  any  ana- 
lysis or  demonstration,  and  the  truth 
(or  rather  probable  truth)  of  which  can 
only  be  established  by  sliewing  that  it 


is  verified  by  experiment 

In  this  formula  the  letters  m and 
n represent  indeterminate  numbers,  the 
values  of  which,  as  well  as^  that  of  a, 
can  only  be  found  by  expenment.  To 
determine  these  let  four  pulleys  !« taken 
whose  radii  are  r,  r',  r"t  ana  r . The 
rope  whose  rigidity  is  under  examina- 
tion being  successively  laid  over  these, 
let  it  be"'  stretched  by  weights  equal  to 
IP,  rd,  uf,  and  in'",  and  let  the  w eights 
which  in  each  case  just  give  motion  to 
the  wheels  be  sr,  ar',  x",  and  y'.  Sub- 
stituting these  in  the  formula  already 
menboned,  we  obtain 

<f"  ,1 

* = — (a-t-mip) 

dn 

x>=  — (0-f-mtP') 

I! 

x=^(a+rmd') 

Ca+mrP"') 

rat  ' 


Chapter  VI.  — Of  the  Mndifiralinn 
which  Friction  and  other  Ile.ristancee 
produce  upon  the  Condiliom  of  Equi- 
librium. 

(23.)  In’  a machine  which  is  con- 
ceived to  be  divestcil  of  friction  and  all 
other  resisting  forces,  there  is  one  cer- 
tain and  determinate  power  which  will 
equilibrate  with  a given  weight,  the  me- 
thods of  determining  which  have  been 
explained  in  our  second  Treatise.  Any 
power  greater  than  this  will  cause  the 
weight  to  ascend,  and  any  less  qiower 
will  allow  it  to  descend ; the  equilibrium 
in  such  cases  being  dcstroyeil.  If  the 
machine  be  subject  to  the  effects  of 
friction,  rigidity,  or  any  resisting  forces, 
this  will  not  take  place ; and  we  shall 
find  that  any  power  between  two  deter- 
minate limits  will  sustain  djuilibrium. 
This  circumstance  arises  from  that  pe- 
culiarity in  the  nature  of  resisting  or 
passive  forces,  that  in  whatever  direc- 
tion motion,  or  a tendency  to  motion, 
is  pro<luced,  they  assume  the  direction 
immediately  opposed  to  that  tendency. 
Ifthe  power  has  a tendency  to  raise  the 
weight  by  being  increased  beyond  the 
value  due  to  equilibrium,  by  the  prin- 
ciples established  in  Treatise  II.,  the 
friction,  oppose  that  tendency  j and 
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if  ihen  the  weia^it  be  increased  so  as  to 
predominate  and  tend  to  raise  the  power, 
the  resistinc  forces  immediately  change 
their  direction  and  oppose  the  effect  of 
the  weight.  Let  us  suppose  that  P is 
the  power  which  by  any  machine  would 
equilibrate  with  W,  independently  of 
friction  or  any  resisting  force,  according 
to  the  principles  established  in  Treatise 
II.  If  P be  increased,  it  will  have  a 
tendency  to  raise  W;  but  that  tendency 
will  be  opposed  by  the  resistances.  Let 
the  effect  of  these  resistances  on  P be 
R,  then  it  will  be  necessary  to  increase 
P by  a quantity  greater  than  R,  in  order 
that  \V  should  be  raised.  Again,  if  P 
be  diminished,  W would  have  a tendency 
to  descend,  but  this  tendency  is  opposed 
by  the  resisting  forces ; and,  in  fact,  W 
cannot  descend  unless  P be  diminished 
by  a quantity  greater  than  R.  Thus  it 
atipears,  that  in  order  to  raise  the  weight, 
the  power  must  be  greater  than  P h R ; 
and  in  order  to  prevent  the  descent  of 
the  weiglit,  the  power  cannot  be  less 
than  P — R.  Hence  ev^  power  whose 
value  is  between  the  limits  P+R  and 
P— R,  will  sustain  the  weight  in  equili- 
brium. The  powers  P+R  and  P— R 
will  sustain  the  weight  in  equilibrium 
also,  but  it  will  be  in  a state  bordering 
on  motion,  the  least  imaginable  increase 
of  the  one  or  diminution  of  the  other 
necessarily  producing  the  ascent  or  de 
scent  of  the  weight. 

The  increase  R of  the  power  which 
balances  the  resisting  forces  is  not  ne- 
cessarily equal  to  these  forces  them- 
selves, because  the  increase  R generally 
acts  upon  the  resistances,  through  the 
intervention  of  the  machine  or  some 
part  of  it.  To  explain  the  methods  of 
determining  tlie  quantity  R,  even  in  the 
several  simple  machines,  would  require 
more  mathematical  investigation  than 
would  be  suitable  to  the  olijects  of  the 
present  Treatise.  W'e  shall,  however, 
explain  some  of  the  more  simple  cases. 

(24.)  If  a lever  rest  upon  a knife-edge 
like  a balance,  the  friction  will  be  im- 
perceptible ; but  if  it  turn  upon  a cylin- 
drical axle,  this  is  not  the  case.  Let/ 
be  the  absolute  quantity  of  the  friction 
on  the  axle,  determined  in  the  manner 
explained  in  the  preceding  chapters ; 
let  r lie  the  radius  of  the  axle,  VV  the 
weiglit,  and  to  its  leverage,  and  let  p be 
the  leverage  of  the  power.  In  order  to 
raise  the  weight,  the  power  will  have  to 
overcome  the  friction  /acting  with  the 
leverage  r,  and  the  weight  \V  acting 
with  ^the  leverage  to,  Tlie  moment  of 


the  power  which  would  exactly  balance 
these  would  be 

W to+ / r. 

Let  the  power  sought  be  P' ; hence 
V’p=\lw+fr .-.  P'= 

P 

This  power  will  just  balance  the  weight 
and  friction,  and  any  greater  power  will 
raise  the  weight. 

If  tlie  weight  be  supposed  to  descend, 
it  will  be  opposed  by  the  friction,/  acting 
with  the  leverage  r,  which  will  tlius 
assist  the  power.  Let  P"  lie  the  power 
which  will  just  prevent  the  descent  of 
the  weight,  and  we  evidently  have 

V‘p=y}u,-fr.\P‘^^^~.fL 

Any  power  less  than  P"  will  permit  the 
weight  to  descend,  and  these  powers  P' 
P’',  and  all  intermediate  ones,  will  sus- 
tain the  weight  in  equilibrium. 

Since  P,  the  counterpoise  for  W when 

there  is  no  friction,  is  equal  10.^^--  ,w® 
have  P 

P'=Pi-!!!!:=P+R 

P 

P 

which  is  the  limit  of  the  increase  or  de- 
crease of  the  power  consistently  with 
equilibrium. 

This  investigation  applies  also  to  the 
wheel  and  axle  as  is  evident.  In  that 
case,  however,  the  rigidity  of  the  rope 
hiust  be  allowed  for,  conformably  to 
the  principles  established  in  the  last 
Chapter  j and  the  same  may  be  ob- 
served with  respect  to  the  pulley. 

(2:j.)  Let  a bixly  W be  placed  upon 
an  horizontal  plane,  and  / express 

Fig.  7. 


the  proportion  of  the  friction  to  the 
pressure.  If  a force  draw  it  in  the 
direction  \V  A,  parallel  to  the  plane,  the 
force  which  will  put  it  in  motion  will  lie 
equal  to  the  friction,  and  is,  therefore, 
AV  /.  us  now  suppose  that  it  is 

drawn  along  the  plane  by  a force  which 
constantly  acts  in  the  direction  \V  B, 
forming  With  the  horizontal  line  always 
the  same  angle  B \V  A.  This  force 
produces  a twofold  effect.  Draw  the 
lines  B C and  B O so  as  to  form  the 
c 2 
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parallelo^m  \V  D B C.  The  force  W 
Is  ei|uivalcnt  to  two  forces  expressed  in 
niiiintity  and  direction  by  the  sides 
\V  D and  W C.  The  part  W D lends 
to  raise  the  body  W from  the  plane, 
and,  therefore,  to  diminish  the  pressure 
and  the  friction,  while  the  part  W G 
tends  to  move  the  body  along  the  plane. 

By  the  obliquity  of  the  draught  ad- 
vantage is  gained  and  lost.  Advantage 
is  gained,  because  the  friction  which  is 
to  be  overcome  is  diminished  by  the 
effect  of  that  element  W D of  the 
draught,  which  acting  upwards,  lessens 
the  pressure  upon  the  plane.  Advan- 
tage is  lost,  b^use  the  element  W C 
of  the  draught,  which  is  effective  in  ad- 
vancing the  body  on  the  plane,  is  less 
than  the  whole'  draught  W B,  which 
would  be  effective  if  it  acted  parallel  to 
the  plane.  It  is  found,  however,  that 
provided  the  angle  (B  W C)  of  draught 
does  not  exceed  a certain  limit,  an 
vantage  on  tlte  whole  is  gained  by  the 
obliquity,  that  is  to  say,  a less  force  will 
put  the  body  in  motion,  and  continue 
that  motion  than  would  do  so  acting 
parallel  to  the  plane. 

It  becomes,  therefore,  an  important 
problem  to  determine  what  that  angle 
of  draught  is  which  affords  the  greatest 
possible  advantage,  or  with  which  the 
smallest  power  will  move  the  body  along 
the  plane.  This  is  very  easily  solved 
analytically ; we  shall,  however,  attempt 
to  explain  it  by  geometrical  construc- 
tion, ueing  a more  elementary  process, 
though  not  the  most  expeditious. 

Ia;t  the  drawing  force  as  already  ex- 
plained, be  represented  by  AV  B,  and 
suppose  it  just  sufficient  to  put  the  body 
in  motion.  The  element  W C must 
then  be  equal  to  the  friction.  Let  W A 
represent  the  quantity  of  friction  which 
would  be  produced  by  the  whole  weight 
. Pig-  8. 


of  the  body  pressing  on  the  plane,  that 
isW/(7).  Since  W C repivsenta  the 
quantity  of  friction  which  remains  after 


the  pressure  is  diminished  by  the  upward 
element  WD,  it  follows  that  CA  must 
represent  the  quantity  of  friction  which 
would  be  produced  by  the  pressure 
DW  or  BC  ; and  since  f expresses  the 
proportion  of  the  friction  to  the  pres- 
sure generally,  we  have 

CA  : CB  ::/  : i. 

It  will  be  recollected,  that  we  have 
already  shewn  (pp.  5,  6)  that  if  the  plane 
W A were  elevated  until  the  body  W B 
would  Just  be  moved  down  it,  the  pro- 
ortion  of  the  height  of  the  plane  to  its 
ase  would  be  that  of  the  friction  to  the 
pressure.  Hence,  in  this  case,  the  height 
of  the  plane  would  have  the  same  ratio 
to  its  base  as  the  hne  C A has  to  C B ; 
and,  consequently,  the  right-angled  tri- 
angle included  by  the  height  and  base 
of  the  plane  is  similar  to  the  triangle 
A C B,  and,  therefore,  tlic  angle  ABC 
is  equ^  to  the  elevation  of  the  plane, 
whicn  would  Just  give  motion  to  tlie 
body.  The  angle  B A C is  the  comple- 
ment of  this  angle.  Now  since  W A 
represents  tlie  whole  friction  of  the  body 
undiminished  by  the  obliquity  of  the 
draught,  and  the  angle  B A W depends 
on  the  proportion  of  the  friction  to  the 
pressure,  these  quantities  are  both  inde- 
pendent of  the  direction,  or  Icngtli  of 
the  line  W B,  which  represents  the 
drawing  force,  and  will,  therefore,  re- 
main unaltered,  however  that  drawing 
force  be  changed  in  its  direction  or 
lei^h. 

Thus  we  have  obtained  a very  elegant 
geometrical  construction,  by  which  the 
mree  which  is  Just  sufficient  to  move 
the  body  at  each  angle  of  draught  may 
be  determined.  From  any  point  W on 
the  plane  draw  a perpendicular  W M, 
and  take  any  parts,  W A and  W M,  on 
the  plane  ami  the  pcqiendicular  which 
have  the  ratio  of  the  friction  to  the 
pressure,  that  is,  so  that 

WA  : \VM  i. 

Then  if  WM  be  supposed  to  represent 
the  weight,  WA  will  represent  the  fric- 
tion due  to  the  pressure  of  the  entire 
weight,  and  the  angle  WMA  will  lie 
equal  to  that  elevation,  X (p.  G),  of  the 
plane  at  which  the  force  of  the  weight 
down  the  plane  would  be  equal  to  the 
friction.  \Ve  will  suppose  WM  to  be 
taken  of  such  a length  that  the  number 
of  inches  in  it  is  equal  to  the  number 
of  pounds  in  the  weight.  Then  the 
number  of  inches  in  WA  will  be  the 
number  of  pounds  which  would  over- 
come the  friction  due  to  the  entire 
weight,  or  which  acting  parallel  to  the 
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plane  WA  would  just  put  the  weight  in 
motion.  But  we  desn%  to  know  the 
power  which  acting  at  any  given  angle 
with  WA  would  just  move  the  weight. 
Draw  tlie  line  WB"  in  the  direction  of 
the  required  power,  and  terminated  in 
AM;  the  number  of  inches  in  WB"  will 
be  the  number  of  pounds  which,  acting 
in  the  direction  WB",  will  just  move  the 
weight.  Again,  it  may  be  required  to 
assign  the  direction  in  which  a given 
power  must  act  in  order  just  to  move 
the  weight.  To  determine  this  let  a 
line  of  as  many  inches  as  there  are 
pounds  in  the  required  power  be  inflected 
from  W on  the  line  AM.  IfWB'be 
this  line,  WB'  will  be  the  required  di- 
rection. 

To  determine  the  best  angle  of 
draught,  is  then  only  to  assign  the  least 
line  which  can  he  drawn  from  the  point 
W on  the  line  A M,  which  is,  as  is  well 
known,  a perpendicular  to  it  Let 
W B A be  a right  angle,  and  the  angle 
B W A is,  therefore,  the  best  angle  of 

— P cos.  X tan.  Xdx  — sin.  x tan. 


draught  The  right-angled  triangles 
W B A and  B C A ate  similar,  (Euc. 
VI.  prop.  8,)  and,  therefore,  tlie  angle 
B W A is  equal  to  the  angle  C B A, 
But  this  last  is  equal  to  the  angle  to 
which  the  plane  should  be  elevated,  in 
order  that  the  body  should  just  move 
down  it. 

(26.)  [We  may  obtain  this  result  ana- 
lytically thus.  I,et  X be  the  angle  of 
draught,  P the  drawing  force,  and  X 
the  elevation  at  which  the  body  just 
moves  down  the  plane.  Tlie  elements 
into  which  P is  resolved  are  P cos.  j-, 
and  P sin.x.  Tlie  pressure  on  the  plane 
is  consequently  W — P siu.  x,  and  the 
corresponding  friction 

(W  — P sin.  X tan  X.) 

This  is  balanced  by  P cos.  x;  therefore, 
we  have 

(W  — P sin.  X)  tan.  X = P cos.  r. 

The  question  then  is  to  determine  the 
value  of  X,  which  renders  P a maximum. 
Differentiating  considering  P and  x as 
variables,  we  have 

X d P = cos.  xdV  — P sin.  xdx. 


Let  d P = 0,  and  omit  d x,  and  we 
obtain 

— P cos.  X tan.  X = — P sin  x. 
tan.  X = tan.  x . . x = X, 
which  is  the  conclusion  obtained  geome- 
trically above.] 

(27.)  Hence,  if  a body  be  required  to 
be  drawn  upon  a plane  subject  to  fric- 
tion, the  best  direction  for  the  traces  is 
to  be  inclined  to  the  plane  at  that  angle 
at  which  the  plane  itself  should  be  in- 
clined to  the  horizon,  in  order  to  make 
the  body  move  down  it  without  any 
drawing  force. 

In  the  construction  already  instituted, 
the  angle  of  draught  corresponding  to 
the  direction  W M is  90°.  In  this  case 
the  whole  drawing  force  is  spent  in  di- 
minishing the  pressure  on  the  plane, 
the  element  in  the  direction  of  the  plane 
graduahy  diminishing  as  the  anpe  of 
draught  increases,  and  at  length  alto- 
gether disappearing.  The  line  W M 
ought  then  to  represent  as  it  does  the 
weight  of  the  body,  the  pressure  being 
in  this  case  absolutely  destroyed, 

(28.)  In  the  preceding  investigation 
of  the  best  angle  of  draught,  we  have 
supposed  that  the  plane  upon  which  the 
load  is  drawn  is  horizontal.  If,  how- 
ever, it  be  not  so,  but  inclined,  the  pro- 
cess of  investigation  will  be  somewhat 
modified,  but  the  final  result  will  be  the 
same,  the  best  angle  of  the  draught 
being  in  all  cases  equal  fo  that  elevation 


of  the  plane,  at  which  the  body  would 
just  move  down  without  any  dr.awing 
force. 

Let  F I (y?g.9.)  be  the  inclined  plane  on 
which  the  body  is  placed,  and  let  its  length 
F I,  expressed  in  inches,  represent  the 
weight  of  the  body,  expressed  in  pounds. 


Fig.  9. 


Hence,  its  base  F K will  represent  the 
pressure  on  the  plane,  and  its  height 
K I the  force  down  the  plane.  (Second 
Treatise).  Draw  W m perpendicular 
to  F I and  equal  to  FK,  and  draw 
M A,  making  (he  angle  W M A equal  to 
the  angle  of  elevation,  which  would  just 
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make  the  force  of  the  body  dotm  the 
plane  equal  to  the  fnction.  Hence,  aa 
we  have  already  explained,  M W is  to 
W A as  the  jiressure  to  the  friction. 
But  M W represents  the  pressure  on 
the  plane,  and,  therefore,  W A repre- 
sents the  correspondinii  friction.  Let 
AV  I)  be  the  element  of  the  drawinit  force 
which  is  perpendicular  to  the  plane,  and 
which  therefore  diminishes  the  pressure. 
Since  W M is  the  undiminished  pres- 
sure, and  \V  D the  quantitv  by  which 
the  drawing  force  diminishes  it,  the 
ctfective  pressure  will  he  M D.  Throuffh 
I)  draw  1)  I,  parallel  to  W A.  The  tri- 
angles  M D L and  M W A are  similar, 
and  therefore, 

MW  : WA  ::  MD  : DL. 

And  since  W A is  the  friction  corre- 
sponding to  the  pressure  M Wj  D L 
must  be  the  friction  corresponding  to 
the  effective  pressure  M I).  This  then 
is  one  part  of  the  force  which  is  to  be 
overcome  by  the  element  of  the  drawing 
force  which  is  parallel  to  the  plane.  The 
other  part  is  the  force  of  the  body  down 
the  plane,  which  is  represented  by  K I. 
From  A take  A 0 equal  to  K I,  and 
draw  O B jiarallel  to  A M,  and  to  meet 
1)  L produced  at  B.  Then  in  the  paral- 
lelogram A I.  B O,  the  side  A 0 is  equal 
1 0 the  opposite  side  L B.  Hence,  L B 
represents  the  force  of  the  body  down 
the  plane.  This  added  to  the  iHction 
D L,  gives  the  whole  force  D B,  which 
is  to  be  balanced  by  the  element  of  the 
drawing  force  in  the  direction  of  the 
plane.  Hence,  if  W B be  drawn,  and 
also  B C parallel  to  D W,  it  is  plain 
that  W B must  represent  the  drawing 
force,  since  W C (which  is  equal  to  D B), 
and  W D are  its  elements  in  the  di- 
rection of  the  ]>lane  and  perpendicular 
to  it.  The  number  of  inches  in  the 
several  lines  we  have  here  drawn,  is 
equal  to  the  number  of  pounds  in  the 
forces  or  pressures  wliich  they  severally 
rejiresent. 

(29.)  Such  is  the  analysis  of  the  pro- 
blem when  the  plane  is  inclined,  and 
from  which  it  appears,  that  the  drawing 


force,  corresponding  to  any  angle  of 
draught,  may  be  found  by  drawing  a line 
from  W in  the  direction  of  the  draught, 
and  terminated  in  the  line  O B,  or  ita 
production.  The  length  of  this  line  will 
represent  the  quantity  of  the  drawing 
force.  And  on  the  other  hand,  if  the 
angle  of  draught  corresponding  to  any 
given  drawing  force  be  required,  it  is 
only  necessary  to  inflect  from  W a line 
equal  to  the  given  drawing  foroe  on  the 
line  O B,  and  the  direction  of  this  line 
will  be  that  of  the  corresponding 
draught. 

To  find  the  best  angle  of  draught,  it 
is  only  necessary  to  find  when  the  draw- 
ing force  is  the  least  possible,  wliich  is 
evidently  done  by  drawing  a perpendi- 
cular, W B,  from  W,  on  O B.  This 
will  be  the  least  line  which  can  be 
drawn  from  W to  OB.  Also,  since  the 
triangles  W C B and  B C O are  similar, 
the  angle  B W O is  equal  to  the  angle 
C B O ; and  since  B C is  parallel  to 
M AV,  and  B O to  M A,  the  angle  C B i) 
is  equal  to  AV  M A ; therefore  the  .angle 
B AV  O is  equal  to  AV  M A ; but  this 
last  anale  is  equal  to  the  elevation  at 
which  the  body  would  just  move  down 
the  plane. 

(.10.)  [The  same  may  be  analytically 
investigated  as  follows ; — 

Let  e be  the  elevation  of  the  plane. 
The  force  down  the  plane  is  A\'  sin.  e, 
and  the  pressure  is  AV  cos.  e ; the  fric- 
tion due  to  this  pressure  is 

W cos.  e tan.  X. 

The  element  of  tlie  th  aw  ing  force  per- 
pendicular to  the  plane  is 
P sin. X, 

and  the  diminution  of  the  friction  due 
to  this  u 

P sin.  X tan.  X. 

Hence  the  effective  friction  is 

(AV  cos.  e — P sin.  i)  tan.  X ; 
and  the  entire  force  to  be  balanced  by  the 
element  P cos.  x of  the  drawing  force,  in 
the  direction  of  the  plane,  is  tlic  sum  of 
this  friction,  and  the  force  W sin.  e down 
the  plane.  Hence  we  have  tlie  ei{uation. 


AV  sin.  c -1-  (AV  cos.  e — P sin.  x)  tan.  X = P cos.  x. 
Considering  Pand  x variable,  let  this  equation  be  differentiated,  and  we  obtain 
- P cos.  X tan.  Xdx  - sin.  x tan.XdP  = cos.xdP  - Psin.xdP. 


Tliis  is  the  same  differential  equation  as 
was  obtained  in  p.  21,  and  therefore 
gives  the  same  result  x = X.] 

(31.)  AVe  sluill  now  investigate  the 
limits  of  the  value  of  the  power  which 
is  capable  of  sustaining  in  equilibrium 
a given  weight  upon  an  inclined  plane. 


subject  to  the  effects  of  friction.  Let  us 
first  suppose  that  tlie  power  acts  in  the 
direction  of  the  plane. 

If  the  elevation  of  the  plane  be  not 
ppeater  than  that  at  which  the  body  will 
just  move  down  the  plane,  and  which 
we  shall  in  general  call  X,  it  is  evident 
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thtt  tha  poww  neeesiary  to  sustain  the 
weif^ht  in  equilibrium  has  no  minbr 
limit,  because,  without  the  assistance  of 
any  power,  the  friction  alone  is  sufficient 
to  prevent  the  descent  of  tlie  weight.  If 
the  weight  be  represented  by  the  length 
of  the  plane,  the  pressure  is  represented 
by  its  base  B.  Let  the  proportion  of 
the  friction  to  the  pressure,  as  usual,  be 
/:  1.  Hence  B/  is  tlie  friction.  Tlie 
force  of  the  weight  down  the  plane  is 
represented  by  tlie  height  H.  Hence 
tlie  force  to  lie  overcome  by  the  power 
in  order  just  to  produce  motion,  is 
II  + B/,  which  is  therefore  the  major 
limit  of  the  power  which  is  capable  of 
sustaining  equilibrium.  Any  power 
greater  than  this  will  draw  tlie  weight 
up  the  plane. 

This  may  be  easily  represented  by  geo- 
metrical construction.  lait  AB  (yig.lO.) 
be  the  inclined  plane  which  represents 
tiie  w eight,  AC  represents  tlie  pressure, 

Fig.  10. 


K 


and  B C the  force  down  the  plane.  Take 
A I),  equal  to  B C,  and  from  D draw 
D E ])crpendicular  to  tlie  plane,  and 
eipial  to  A C,  and  from  E draw  E F, 
making  tlie  angle  D E F,  equal  to  tlie 
angle  X.  Hence 

DF  :DE:;/:  i; 

that  is,  as  the  friction  to  the  pressure ; 
and  since  D E represents  the  pressure, 
D F represents  the  friction.  Since  A D 
represents  the  force  of  the  body  down 
the  plane,  and  D F represents  tfie  fric- 
tion, A F represents  a force  equal  to  the 
combined  enects  of  these,  and  which 
would  keep  them  in  equilibrium.  Any 
force  greater  than  A F,  therefore,  will 
draw  the  weight  up  the  plane.  Hence 
A F represents  the  greatest  power  which 
can  act  upon  the  weight,  consistently 
with  equilibrium. 

If  we  suppose  the  elevation  B A C of 
the  plane  to  be  greatec  than  the  angle 


X,  the  power  necessary  to  sustain  the 
weight  will  have  a minor  limit;  for  in 
this  case  the  friction  alone  is  insufficient 
to  prevent  the  descent  of  the  weight. 
Upon  the  principles  already  explained, 
the  height  H exjiresses  the  force  down 
the  plane,  and  B/  is  the  friction  which 
will  resist  the  descent  of  the  weight; 
hence  the  actual  tendency  to  descend  is 
H — B/,  which  is  therefore  the  minor 
limit  of  the  power.  If  P*  and  I**  be 
used  in  the  sense  explained  in  "e 
therefore  have 

H = H -b  B/ 
P*=H-B/; 

or,  following  the  construction  in  fg.  1 0, 
draw  E F',  making  the  angle  1)  F,  F* 
equal  to  X,  and  D F*  will  be  equal  to 
the  friction,  and  we  shall  have 
P”  = A F.  P"  = A F->. 

(32.)  Let  us  next  suppose  that  the 
direction  of  the  power  is  inclined  to  tlic 
plane. 

The  power  which  acting  at  anv  given 
angle  with  the  plane  would  jusi  over- 
come the  weight  and  the  friction,  was 
determined  by  the  analysis  and  con- 
struction instituted  in  (2S).  Hence, 
if  F I,  fg.  9,  reprc.sent  the  weight, 
and  W B the  direction  of  the  power, 
the  length  of  the  line  W B,  will  ex- 
press the  magnitude  of  the  power 
which  will  just  overcome  the  weight 
and  friction ; so  that  any  power  greater 
than  W B acting  in  that  direction  would 
move  the  weight  up  the  plane.  Hence 
H=WB. 

To  assign  the  minor  limit  of  the 
power  will  he  easy,  by  a sbght  modifi- 
cation of  the  construction. 

In  the  process  described  in  (29), 
instead  of  making  the  angle  VMA 
equal  to  X towards  the  top  I of  the 
plane,  let  it  be  made,  as  in  Jig.  11,  to- 
wards the  foot  F.  Then,  as  before,  Vi  D 
ijig.  II.)  representing  the  clement  of 
the  drawing  force  peipcndicular  to  tlic 
plane,  DL  will  represent  the  fr-iclion. 
Take  AO  equal  to  IK,  and  through  O 
draw  a par.allel  to  AM  to  meet  LD 
produced  at  B.  The  force  with  which 
tlic  weight  has  a tendency  to  descend 
on  the  plane  will  be  the  difference  be- 
tween the  part  I.B  of  the  weight  re- 
solved in  the  direction  of  the  pltmc  and 
the  friction  LD,  which  is  DB.  This 
line  DB  must  then  bo  equal  to  the  ele- 
ment of  tlie  power  in  the  direction  of 
die  plane  ; and  since  WD  is  the  element 
perpendicular  to  the  plane,  tlie  power 
must  lie  \VB. 

(33.)  Divesting  the  ponstruction  of 
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tliose  lines  which  are  mertly  introduced 
to  supply  the  links  of  the  analysis,  the 
tw  o limits  of  the  power  may  he  thus 
determined.  I-etWB  be  the  direction 
of  the  power.  Take  \VA  and  \V.\',  (/g. 
12.)  each  equal  to  the  friction  due  to  the 
pressure  of  the  weieht  upon  the  plane, 
the  weight  being  supposed  not  to  be 
affected  by  any  power  Take  A O and 
Fig.  12. 


A'O'.  each  eciual  to  IK,  and  through  0 
and  O'  draw  lines  each  inclined  to  OO' 
at  an  angle  equal  to  the  complement  of 
X,  and  produce  the  direction  of  the 
power  to  intersect  these  lines  at  B'  and 
B.  Then  WB'  will  be  the  least  power 
which  can  prevent  the  descent  of  the 
weight,  and  WB  will  be  the  greatest 
power  which  can  be  applied  without 
causing  its  ascent.  All  intermediate 
powers  will  produce  equilibrium. 

The  construction  which  we  have 
given  not  only  exhibits  in  every  case 
the  two  limiting  values  of  the  equili- 
brating power,  but  also  shows  what  the 
single  value  of  this  would  be  if  there 
were  no  friction.  Let  D be  the  point 
where  WB'B  intersects  the  perpendicu- 
lar GH  from  G on  OO' ; WD  is  the 
value  of  the  power  which  would  sustain 


the  weight  wbre  there  no  friction.  For 
the  element  of  this,  which  is  in  the  di- 
rection of  the  plane,  is  WH  ; but  since 
O'GO  is  isosceles,  H must  be  the  mid- 
dle point  of  OO',  but  A'O'  is  equal  to 
AO:  take  AO'  from  both,  and  the 
remainders,  AA'  and  OO',  arc  equal  ; 
and  therefore  WA,  which  is  half  of  the 
one,  is  equal  to  HO,  which  is  half  of 
the  other;  add  to  both  AH,  and  WH 
is  equal  to  AO,  which  by  construction 
is  equal  to  KI,  or  the  force  down  the 
plane.  Hence,  the  clement  of  WH  in 
the  direction  of  the  plane  would  lx; 
eciual  to  the  force  down  the  plane,  and 
W G is,  therefore,  the  equilibrating 
power. 

(34.)  From  considering  this  construc- 
tion it  appears  that  if  the  direction  of 
the  power  be  that  of  the  line  W G pass- 
ing through  the  intersection  of  the  lines 
drawn  through  O'  and  O.the  two  limits 
of  the  power  become  the  same,  the 
oints  B'  and  B coincide,  and  there  is 
ut  one  power,  WG,  which  will  keep  the 
weight  m equilibrium ; every  greater 

flower  will  cause  its  ascent,  and  eveiy 
esser  one  will  permit  its  descent.  This 
may  be  easily  accounted  for,  and  is  in 
fact  what  might  be  expeeted.  Since  W A 
= HO  and  WA  is  the  friction  due  to  the 
weight,  HO  is  equal  to  this  friction  ; 
and  since  HGO  is  the  complement  of 
HOG,  it  is  equal  to  the  angle  X,  and 
therefore  HO  is  to  HG  as  the  friction 
to  the  pressure ; but  HO  is  the  friction 
due  to  the  weight,  and,  therefore,  GH  is 
the  pressure.  But  since  WG  is  the 
power,  HG  is  its  clement  perpendicular 
to  the  plane.  Hence  the  part  of  the 
power  which  tends  to  diminish  the 
pressure  is  equal  to  the  entire  pressure. 
The  pressure  being  thus  destroyed,  there 
is  no  friction ; and  hence  it  is  that  the 
two  limits  of  the  power  become  equal, 
their  difference,  which  is  always  twice 
the  effect  of  the  friction,  having  va- 
nished. 

Since  GH  is  equal  to  FK,  and  WH 
to  IK,  and  tlie  angles  at  H and  K are 
right,  it  follows  that  WG  is  equal  to 
FI,  and  that  the  angle  GWH  is  equal 
to  FIK,  and,  therefore,  that  WG  is  pa- 
rallel to  IK.  Thus  it  appears  that  this 
is  the  case,  in  which  the  direction  of 
the  power  is  vertical,  and  is,  therefore, 
equal  to  the  weight,  and  sustains  it  in- 
dependently of  the  plane. 

(35.)  [Tlie  preceding  results  may 
very  easily  be  obtained  analytically, 
and  the  formule  thus  found  arc  better 
fitted  for  calculation  than  the  geometri- 
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caI  congfnictions  which  we  have  given  W sin.  e of  the  weight,  in  the  direction 
in  the  text.  of  the  plane,  in  order  to  obtain  the 

Retaining  the  notation  which  we  have  force  which  is  to  be  balanced  by  the 
used  in  pp.  21,  22,  the  effect  of  the  element  of  P'  in  the  direction  of  the 
friction  in  resisting  cither  the  ascent  or  plane,  and  must  be  subtracted  from  it 
descent  of  the  weight  is — in  order  to  obtain  the  element  of  P'  in 

(W  cos.  e — P sin.  x)  tan.  X.  the  direction  of  the  plane.  Hence  we 
This  must  be  added  to  the  element  have— 

\V  sin.  «+(W  cos.  e— P'  sin.  x)  tan.X=P'  cos.  x. 

W sin.  e— (W  cos.  e— P's^.x)  tan.  X=P*  cos.  x 


Multiplying  both  members  of  each  equation  by  cos.  X,  and  observing  that 
tan.  X cos.  X=sin.  X,  we  find — 

W (sin.  e cos.  X+sin.  X cos.  e)— P'  sin.  x sin.  X=P'  cos.  x cos.  X 
W (sin.  e cos.  X —sin.  X cos.  e)  + P ' sin.  x sin.  X = P ’ cos.  x cos.  X 
.•.W  (sin.  e cos,  X+sin.  X cos.  e)=P'  (cos.  x cos.  X+sin.  x sin.  X) 

W (sin.  e cos.  X— sin.  X cos.  e)  = P"  (cos.  x cos.  X— sin.  x sin.  X) 


But,  by  trigonometry,  sin.  e cos.'  X ± sin.  X cos.  e=sin.  (e  i;  X) 
cos.  e cos.  X ± sin.  e sin.  X = cos.  (e  ^ X) 

Hence  we  obtain,  W sin.  («  +X)=  P'  cos.  (x  — X) 

W sin.  (e  — X)  = P"  cos.  (x  + X) 


F = 


sin,  (e  + X) 
"'cos.  (X  — X) 


P»=  W. 


sin,  (a  — X) 
cos.  (x+X) 


which  formulae  are  adapted  for  computation. 

Let  us  examine  under  what  conditions  the  two  limiting  values  P ',  P”  of  the 
equilibrating  power  will  become  equaL  If  this  be  the  case  we  must  have- 


sin.  (e  + X)  _ sin.  («  — X) 
cos.  (X  — X)  ~ cos.  (X  + X) 


sin.  (e  + X)  cos.  (x  + X)  = sin.  («  — X)  cos.  (x  — X) 
.•.2  sin.  («  + X)  cos.  (X  + X)  = 2 sin.  («  — X)  cos.  (x  — X) 


But  by  trigonometry, 

2 sin.  (e  + X)  cos.  (x  + X)  = sin.  («  + x + 2 X)  + sin.  (e  — x) 

2 sin.  («  — X)  cos.  (X  — X)  = sin.  («  + x — 2 X)  + sin.  («  — x) 
Omitting  the  common  quantity  sin.  (e  — x)  in  these  equals,  we  have, 
sin.  (e  + X + 2 X)  = sin.  («  + x — 2X) 

Hence  the  angles  within  the  parentheses  must  be  either  equal  or  supplemental. 
1st  Suppose  them  equal, 

+ x + 2X  = « + x — 2X 
X=0 

the  case  in  which  there  is  no  fi~iction,  and  therefore  but  one  value  of  P. 


2nd.  Suppose  them  supplemental, 

e + x + 2X  = 1800  -(•  - x+  2X 
2e+  2x=  180°; 
or,  e + X = 90® 

.*.  X = 90®  — « 

Hence  the  angle  x,  which  the  direction  of  the  power  makes  with  the  plane,  is 
equal  to  the  complement  of  the  elevation  e.  This  is  the  same  result  as  was 
obtained  in  (34.)  geometrically. 

It  is  very  easy  to  ^hew  that  the  i^ometrical  construction  in  Jig.  12,  exhibiting 
the  value  of  P'  and  P",  might  be  derived  from  the  formulae  for  these  quantities 
which  we  have  just  found,  or,  vice  vertS,  that  the  formulae  may  be  derived  bt>m 
the  construction. 

In  Jig.  12,  W G is  equal  to  F I,  or  to  W ; the  angle  W GH  is  equal  to-'K  F I, 
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Hence, 


Hence, 


nr  f. ; and  the  anele  H G O or  H G O'is  equal  to  X.  Hence  \V  G B'  ii  equal  to 
AV  G H — H G O',  or  (8  — X) ; and  W G B is  equal  to  \V  GH  + H GO, ore+X. 
Alw,  G \V  U is  equal  to  G W H — B W H , or  G W H — x.  But 
GWH  = 90“  -WGH  = 90“ -e. 

G W B = 90“  - (e  + X). 

GB'B  = GWB'  + WGB' 

= 90“  - (8  + X)  + e - X 
= 90“-(x+X). 

Also  GBW  = GB'W  -B'GB; 
but  B'GB  = 2X. 

G B VV  = 90“  + (X  + X)  - 2 X, 
or  G B \V  = 90“  - (x  - X). 

By  trigonometry  we  have — 

sin.  WGB  : sin.  WBG 
sin.  (e  + X)  ; cos.  (x  — X) 

; sin.  W G B' ; sin.  W B'  G = sin.  G B'  B 
sin.  (8  — X)  : cos.  (x  + X) 
pr  „ sin.  ( 8~1~ X) 

■ cos.  (X— X) 

^ “'^-cos.(x+X) 

which  are  the  formulte  already  determined  analytically,  and  by  reversing  this 
process,  tlie  construction  may  be  deduced  from  the  formulae. 

If  tlie  power  be  parallel  to  the  plane  x=o,  and  the  formulae  become — 


W B : ^V  G : 
or  V:  W 
WB'  : WG 
or  I":  W : 


Hence  we  find, 


P»=W 


cos.  X) 
sin.  (e— X) 
' cos.  X 


J 


(.96.)  It  is  evident  that  all  the  preceding  reasonintr  will  Ire  applicable,  whether 
the  boily  slide  or  roll,  or  Ire  moved  on  wheels.  The  only  difference  wiU  be  that 
the  proi«rrtion  of  the  friction  to  the  pressure,  or  tlie  value  of  / or  \VA  will  be 
different  in  each  case. 


Chaptkr  VII. — Tablet  of  the  RemlU 
of  Erperimente  on  Friction  and  lii- 
gidiltj  of  Cordage. 

(37.)  Since  no  theory  of  friction  and 
the  rigidity  of  cordage  has  been  yet 
established  on  perfectly  satisfactory 
principles,  and  all  our  Knowledge  re- 
specting it  must  be  derived  immediately 


from  experiment,  we  shall  lay  before  the 
student  some  tables  containing  tlie  re- 
sults of  experiments  instituted  by  Cou- 
lomb, and  try  comparing  these  results 
with  the  iirinciples  which  have  lieen 
deiluceil  from  them,  the  degree  of  vali- 
dity to  be  allowed  to  tliese  principles 
will  be  iqiparent. 


The  following  tables  are  extracted  from  Dr.  Gregory's  Treatise  on  Mechanics. 


Table  Friction  of  Woods,  the  Directions  of  the  Fibres  being  the  same,  and 
the  pressure  being  Unity. 

Valtie  of/'. 


Oak  against  oak 0.43 

Oak  against  fir 0.6S 

Fir  against  fir 0.56 

Elm  against  elm 0.47 


Friction  of  Woods,  the  Directions  bj  the  Fibres  being  at  Fight  Angles. 


Oak  against  fir 0.I5S 

Fir  against  fir  0.167 

Elm  agaiust  elm  O-IDO 
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Table  II. — Friction  of  Rollers  of  Lignum-vitce  of  tix  mdses  and  two  inches 
diameter.  Pressure  ^ 1. 


Ch'irff  • of  thf  rrtllrrt, 
lh>ir  Wright  beiQK 
eomprisctl. 

WeighU  Hrlufk  pro^acf*  an  extri‘m«‘l]r  slow  molioa.  tk« 
diaineCcr  of  tkeir  roUrca  being 

6 inches 

9 inrhes 

lOOlU. 

O.G 

1.8 

500 

S.O 

9.4 

1000 

6.0 

18.0 

“ We  sliall  next  present  the  results  of 
Coulomb’s  experiments  upon  the  ri- 
gidity of  cords,  and  different  rollers  t)e- 
tween  2 and  12  inches  in  diameter;  the 
deduction  for  the  friction  is  stated  in 
the  table,  and  a comparative  column 
exhibits  the  rijidity  deduced  from  the 
experiments  made  with  tlie  apparatus 
of  Ament  ons.  The  cords  were  oftliree 


kinds:  No.  1,  of  6 threads  in  a yam, 
or  2 in  a strand,  the  circumference  12J 
lines,  and  weight  of  a foot  in  length  4 4 
drachms.  No  2,  of  15  threads  in  a yam, 
or  5 in  a strand,  circumference  20  lines, 
weight  of  a foot  in  length  12J  drachms. 
No.  3,  of  30  threads  in  a yam,  or  10  in 
a strand,  circumference  28  lines,  weight 
of  a foot  in  length  24  i drams. 


Tablb  Ill.—Rigidiiif  of  Cords. 


£ 

1 

Atliiitkkaal 

StiffncM  of  the  Cotrd.  1 

% 

1 

Cinds  of  wo»i 
dUmeter  »n<j 

Weight* 
huitg  on 
escb  side 
the  roller 
in  llm. 

weight 

Total 

k 

Cords  nii(*tl 
in  the  expe- 
rimeoU, 

to  sar- 

monnt 

charge  of 
the  ruler* 

Friction  ol 

K 

"o 

k-eight  of  the 
ruUen. 

IrirtuMi  of 
roller  and 
stitfne^H  d 

whtek 
sappwrt  the 
roller. 

the  roller. 

Valvrd 
by  CoQ. 
Joiah'e 

Valued 
by  Amoa* 
toB’s  appa- 

6 

Z 

oord*. 

apparata*. 

ratu*. 

[ Elm 

100 

5lba 

315 

1.5 

3.5 

4.4 

1 

] 3.  of  SO 

12  inches 
diamciery 
1 weijrht 

1 no  lbs.  J 

*00 

11 

721 

3.6 

7.4 

10.4 

^ a yam. 

500 

20 

1130 

5,6 

14.4 

16.4 

^ Elm 
6 inches 

2 

Idem. 

( diameter, 

200 

18 

443 

• 

weiglit 
; 25  lbs. 

Guincum 
, 0 inches 

3 

Idem. 

diamttter, 
weight 
50  Ihs. 
'Guiacum 

» 200 

10 

4C6 

2.8 

13.2 

It. 8 

2 incites 

25 

11 

05 

4 

Idem.  < 

diameter, 

weifflii 

200 

52 

450J 

■12J  lbs.  J 

5 

fCord  No. 
1 2.  of  15 
1 threads  in 

Gi)iacum  ^ 
6 inches 
diametor, 
weight  j 
50  lbs.  J 

25 

lUO 

200 

U 

fi 

11 

lOlf  , 
2’6 
401 

2.8 

8.2 

7.6 

1 a yam. 
fCord  No. 

500 

24 

1074 

6.4 

17.6 

17.8 

1 l.ofe 

.Idem. 

100 

3 

253 

s thn^adsin 

200 

6 

456 

2.7 

S 3 

S.I 

a yarn. 

1 

“ From  this  tabic  it  will  be  seen  that 
the  method  of  Amontons  and  tliat  of 
Coulomb  furnish  nearly  the  same  re- 
sults : M.  Coulomb  ascribes  the  differ- 


ences, where  greatest,  to  the  circum- 
stances of  the  cords  having  Iwen  more 
used  previous  to  their  Ijcing  taken  for  one 
kind  of  experiment,  than  for  the  other." 
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c 

cS 

h 

tl 
£ * 

0.186 

0.153 

0.156 

0.608 

0.086 

0.087 

0.15 

O.IIO 

|£ 
.ii  = 
£ £ 

■s 

^ • 
g 

g*  W>  O M to  C«  « 

5 2 ^ r-*  tc 

^ o« 

S 

1 

U 

|S 

50 

too»-  r-oc 

mwQO  ^ 9t  c* 

Ot^QO  -^0» 

•s 

u 

H 

If 

Slow  and  irregular. 

Slow  and  irre>;utar. 

The  Aral  8 feci  fallen 
through  iu  6'^,  the  last  3 
in  3". 

Slow  bv.t  continual. 

The  first  8 feel  described 
in  S''. 5)  the  last  S in 
r.5. 

First  3 feet  described  in 
.3''»  the  last  3 in  l^''. 

Slow  but  continual. 

The  first  3 feet  described 
in  3^.5,  the  last  3 in 
1",5. 

Slow  but  continual. 

The  first  3 feet  described 
in  S‘f.5,  the  last  3 in 
r.5. 

Slow  and  continual. 

The  first  3 feel  described 
in  5^ . 5,  the  lost  3 in  2''. 
V'irst  .3  feel  in  S'\ 

Last  3 feet  in  2". 

Slow  and  continual. 

Additional 

« 

h 

si 

¥ 

■0*0  WS  lO  o « 

CO  O *0  ^ 00  aM^ocooesoo^M 

^ ^ i-i  o» 

•*  e ^ 

.c  Ss  K >* 

Hpi 

00  o o o o o c> 

o o Q o o O lO 

^ W W 0*  w 

0*0  o O M o o 

o *9  O ••  M O 

i 

1 

3 

Friction  without  > 
greasing.  J 

Idem. 

Idem. 

Tallow. 

Idem. 

Idem 

Cart-grease. 

1 

S 

1 

a 

f Very  flexible  | 
) thread  of  3 *. 

I lines  circum-  | 
t fercnce.  J 

( Cord  No.  l.of] 
^ 6 threads  in  a > 
1 yarn.  J 

Idem 

f Very  flexible 
1 thread  of  2 
j lines  circum* 

[ ference. 

[ Cord  No.  1.  of 
^ 6 threads  in  a ■ 
1 yarn.  J 

Idem. 

f Thread  of  2 1 
< lines  in  circum-> 
[ fercnce.  J 

No.  of 

11 

m « w MS  «e  t- 

Digitized  by  Google 


Table  of  Friction,  ^c. — continued. 


MECHANICS. 


29 


=55 

*0  04  »-  r-  r-  30 

0»—  « Ot 

oo  o o oooo 

OS'S  . 

I'sJ'ji 

£15 

O <P  o ^ 

-V  01  wS  o 

Ua 

lii 

o#  05  oSooS 

o»o«  00  S 2 — o» 

fc  **  - 

4 

fl 

tn 

ir 

s 5 

r 

.1  1 

g g«:r  ^®*$5  w’oi'^.^ 

o a Be  o a ^ ccBo 

o 3 •••  a .'“*"".S  . — — 

s a 3*a«5|j2<5eS!»2«2 

k k •>  « * »J  *0  ~ S •>  » « » 

.2  iE-.=  S«?:SS«-a 

CO  CO  tc  A cJccA  aP«.3y.^ 

V 

isg, 

^ 

r 

r>  09  w>  : 

•>»  W9V09GO^Ok~  0*  ® : 

^ M ^ 0«  ot  J 

%lUi 

-^Ipl 

o o o o o 

O «9  o S O 

^ ^ M ■«• 

o o t*  *o  o 

o o o M CO 

M 

a 

1 

■8 

S 

X 

8 . & 

tj  a a,  c 

S g M fi 

5gp  g s 

c 3 ;§  2 3 §§., 

i j-5  . <- 

bl  X VI  B *v 

u-3  3*  o.|-o  1 

S|  8-S  I ®l 
sS-g-i  g,Sjf 
■||  S g Si  2J 

a c £ o n 

5 g . 

S S *B 

S'®  i 

■5  *0  3 
— 

II 1 

■S  y 

1 

-3 

g 

•a 

a 

■ ^ ^ ' 
o»  E W a 

*0  w S • ^ .5 

1 1 
C * "3  0;  ^ ^ 

"sis 

its 

USB 

OOOO^  OJ  22  2 

Digitized  by  Google 


so  MECHANICS', 


“ The  precedin?  Table  contains  the 
results  of  experiments  on  the  fnction  of 
axes  of  iron  in  boxes  of  copper.  The 
axis  used  was  1 9 lines  in  diameter,  and 
had  a play  of  1 .75  lines  in  the  copper 
box;  the  pulley  was  144  lines  in  dia- 
meter, and  weighed  1 4 lbs. 

“ Tlie  chief  object  in  these  experiments 
was  to  determine  the  friction  of  axis 
in  motion.  Coulomb,  therefore,  caused 
the  weights  to  run  over  a space  of  six 
feet,  and  measured  separately  by  half 
seconds,  the  lime  employed  to  run  over 
the  first  and  last  three  fcet. 

“ The  weiehts  employed  to  bend  the 
cord,  and  which  arc  contained  in  the 
foiudh  column,  were  calculated  from  the 
tensions  expressed  in  the  fifth  column, 
by  means  of  the  formulae  already  given, 
and  the  results  of  some  previous  expe- 
riments. These  weights  being  sub- 
triveted  from  those  of  the  sixth  column, 
which  put  the  system  in  motion,  leave 
the  weights  employed  in  overcoming 
the  friction.  These  latter  'weights  act- 
ing at  a distance  from  the  centre  of 
rotation  equal  to  the  sum  of  the  radii  of 
the  pulley  and  the  cord : the  friction 
which  is  exerted  upon  Ihc  axis,  and 
which,  in  the  case  of  a very  slow  motion, 
may  be  considered  as  mahing  an  equi- 
librium with  those  weights,  is  therefore 
equal  to  the  product  of  those  weights 
into  tlie  ratio  of  the  sum  of  the  radii  of 


the  pulley  and  the  cord,  to  the  radius  of 
the  axis,  which  ratio  is  very  nearly  7 to 
I , when  the  weight  is  suspended  by  a 
thin  packthread,  and  nearly  7'2  to  I, 
when  it  is  suspended  by  the  cord  No.  1 
From  these  considerations  the  ninth 
column  was  calculated.  The  weights 
comprised  in  the  eighth  column  arc 
composed,  1.  Of  the  weight  of  the  pul- 
ley or  cylinder ; 2.  Double  the  corre- 
sponding weight  in  the  fifth  column ; 
3.  The  weights  contained  in  the  sixth 
column ; for  the  sum  of  these  evidently 
compose  the  pressure  upon  Uie  axis. 
Hence,  to  find  the  ratio  of  the  friction 
to  the  pressure,  as  expressed  in  the 
tenth  column,  it  is  only  to  divide  any 
number  in  the  ninth  column  by  tlie 
corresponding  one  in  the  eighth." 

“ M.  Coulumb  has  likewise  endea- 
voured to  ascertain  the  friction  of  axes 
of  rotation  made  of  the  different  kinds 
of  wood  which  are  commonly  found  in 
rotatory  machines.  To  render  the  fric- 
tion more  sensible,  he  used  pulleys  of 
12  inches  mounted  upon  axes  of  3 
inches ; sometimes  the  axes  were  im- 
moveable; at  oihers,  they  moved,  but 
in  both  cases  the  friction  was  the  same : 
the  proper  precautions  were  adopted  to 
smoothen  the  surfaces  in  contact,  and 
thence  to  avoid  the  uncertainty  and  ir- 
regularity which  might  otherwise  have 
attended  the  results. 


Table  V. — “ Kinds  of  Wood  used  in  the  Experiments. 

Axis  of  hnlm-oak,  box  of  lignum  vital,  coated  with  tallow 

Ditto  the  coating  wiped,  the  surface  remaining  oily 

Axis  and  box  as  before,  hut  uses!  several  times  without  having  thei 

coating  refreshed J 

Axis  of  holm-oak,  box  of  elm,  coated  with  tallow  . . , 

Ditto,  both  axis  and  Ixix  w iped,  surfaces  remaining  oily 
Axis  of  box-tri‘e,  box  of  lignum  vine,  coated  with  tallow 
Ditto,  Ihe  coating  wiped,  the  surfaces  remaining  oily 

Axis  of  box-lrCe,  box  of  eira 

Ditto,  tlie  coaling  w iped  off 

Axis  of  iron,  box  of  lignum  vitre,  the  coating  wiped  off,  and  the] 
pulley  turned  for  some  lime j 


Itatio  of  fnction 
to  pressure 

0.0S8 

0.06 

O.OG 

0.08 


0.0.5 

0.013 

0.07 

0.0.75 

0.05 


0.05 


“ The  velocity  does  riot  appear  to 
inTuenee  the  friction  in  any  sensible 
manner,  except  in  Uie  first  instants  of 
motion  : and  in  every  case  the  frietkm 
is  least,  not  when  the  surfaces  are 
plastered  over,  but  when  they  are 
merelv  oilv. 

“ The  experiments  on  the  stiffness  of 
cords  already  described,  were  made  in 
cases  of  motions  nearly  insensible ; but 


M.  Coulomb  inquired  whether  wilh  a 
finite  velocity  the  resulting  ctl'ect  of  the 
stiffness  of  the  cortf  were  augmented  or 
diininistied.  For  this  puipose  he  took 
a pulley  and  box  of  copper,  and  an  axis 
of  iron  done  over  wilh  tallow  : the  dia- 
meter of  the  pulley  was  144  lines,  and 
that  of  the  axis  26^  lines,  and  the  cord 
was  one  of  30  threads  to  a yarn,  or  N o. 
3,  of  which  the  stiffness  witli  respect  to 
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insensible  velocities  was  determined  by  to  run' over  a distance  of  6 feet,  and  the 
some  of  the  foregoing  experiments.  The  times  of  descriWng  the  first  three  and 
ensuing  table  shows  the  results  of  the  the  last  three  feet  were  measured  by  a 
experiments : the  weights  were  made  half-second  pendulum. 


•■Taui.k  VI. 


1 

htioK 

on  ftacb 
«id«  the 
poUey. 



tiofuU 

wriitbC 
tu  MOT< 

the 

poll#!/. 

Pan  of 

VMItllt 
U>  over- 
come 
frirtioB 
sad  ri- 
JpJitr. 

Weight 

SrlitK  At 
#!*»rviutty 

of  pqllr^. 

A®  fnc. 
two. 

StilToew 
of  tKr  cord 

dtdtoMa 

from  irv 
trn*inO; 
find  for 
mer  er* 
{>eriuicTits, 

k 

■S 

e 

the 

nirighcii  upon 

the  poUef. 

on  th'i 
AXIS  in 

IN. 

drdqrvd 
frost  th« 
weights 
which 
move  th« 
policy. 

IIm. 

lbs. 

tbs. 

Ib». 

ih>. 

lbs. 

Ibi. 

fT.6 

J 12 

7.5 

7.6 

Slow  and  cominned. 
Cnr*t3  fwf  in  3' 

921 

2.6 

•1.0 

i 

100 

3 ftfl  in  1^^ 
j tint  3 fw?l  in  2* 
(last  3 fwt  in  14' 
Slow  and  nneertain. 
( first  .3  fcMjt  in  6* 

-}25 

■1.3 

6 1 

6.6 

[l5 

7.6 

11 

13. U 

ni 

300 

( Inst  3 feel  in  3* 

!io 

12.3 

j first  3 feet  in 
1 last  3 feel  io 

•30.5 

la 

90.5 

ly.y 

Slow  ami  uncertain. 
S firet  3 feet  io  6^ 

HU 

fi.7 

10. s 

11.8 

s 

100 

^ last  .3  feet  in  3* 

[si 

17.6 

V first  3 feel  in  .3* 
f last  3 fe<*t  in  2* 

(31.5 

31.5 

l)ouhirnl&  continued- 

1235 

1 i.5 

17.0 

17.0 

\ 

600 

|3T 

31.5 

first  8 feel  in  6* 
1 last  3 fe«t  in  3^* 

“ It  anpeared  in  the  Table  III.,  that 
to  bend  tne  cord  No.  3,  of  30  threads 
in  a yam,  about  a roller  of  12  inches 
diameter,  and  with  a tension  of  300  lbs., 
would  require  a weight  of  14.4  lbs. ; of 
which  weight  the  constant  part  due  to 
the  fabrication  of  the  cord  is  about 
1 .4  lbs : this  value  may  be  retained,  but 
it  will  be  here  proper  to  reduce  the  part 
due  to  the  tension  of  the  cord  by  tlie 
quintal  to  1(14.4— 1.41=1 » 10  = 3 B lbs. 
From  these  data  the  last  column  to  the 
right  of  the  above  table  was  computed." 


Chapter  VIII.  — Wnrhs  on  Friction 
and  the  Rigidity  of  Cordage, 

(33.)  On  the  subjects  of  friction  and  the 
rigidity  of  cordage,  we  are  not  able  to 
direct  the  student's  attention  to  any  ex- 
cept those  to  which  we  have  occasion- 
ally referred  in  the  preceding  treatise. 
The  most  extensive  investigations  on  the 
sulject  are  those  of  Coulomb,  contained 
in  the  tenth  volume  det  Memoiret  de» 
lavam  ctrangen. 

A memoir  on  feiction  by  Ximenet 


(Terria  e Pentica  delle.  Resist,  de  sol 
ne'  loro  Attr.  Pisa,  1782),  may  also  Imj 
consulted. 

In  the  second  volume  of  the  Peters, 
burgh  Transactions,  there  is  a memoir 
on  friction,  by  Bulfinger. 

In  the  transactions  of  the  French 
Academy,  17fi9,  there  is  a paper  on 
friction  by  Perronet. 

The  memoirs  by  Professor  Vince, 
with  his  theory  of  friction,  will  be  found 
in  the  75th  vol.  of  the  Phitosuphical 
Transactions,  and  also  in  Tilloch's  Phi- 
losophical M(gazine,  Nos.  C5,  66. 

In  the  latter  of  these  numbers  will  be 
found  an  account  of  a series  of  experi- 
ments instituted  by  Mr.  John  Southern, 
of  Birmingham,  an  ingenious  engineer. 
These  experiments  were  instituted  with 
mills  turning  grindstones,  and  the  ob- 
ject was  to  corroborate  the  principle, 
that  friction  is  an  uniformly  retarding 
force.  These  experiments,  " says  Dr. 
Gregory,  “ are  the  more  worthy  of 
notice,  as  they  were  made  on  heavy  ma- 
chinery with  considerable  variation  of 
velocity  of  the  rubbing  surface,  and 
great  spaces  rubbed  over : the  weight 
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which  caused  the  fnction  l)einK  upwards 
of  33  cwL,  the  velocity  of  the  rubbing 
surfaces  four  feet  per  second  at  the 
greatest,  and  the  length  of  surface  rub- 
bed over  about  1 000  feet  at  a medium. 
These  experiments  seem  to  confirm  the 
opinion,  that  friction  is  an  unifonn  re- 
sistance, at  least,  where  the  rubbing 
surface  moves  with  a velocity  of  from 
nine  inches  to  four  feet  i>er  second ; 
and  Mr.  Southern  concludes  from  them. 


that  iii  favourable  cases,  it  does  not  ex  • 
ceed  tlie  fortieth  part  of  the  pressure  or 
weight  that  occasions  it.” 

A memoir  by  Coulomb,  on  the  friction 
of  pivots,  will  he  found  in  the  Memoirs 
of  the  French  Academy  for  1790. 

A very  instructive  digest  of  all  that 
has  been  done  towards  establisliing  a 
theory  of  friction,  will  be  found  in  the 
second  volume  of  Dr,  Gregory's  Treaiiss 
on  Mechanics. 
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Chapter  I. 

Dfflnitioni — Nature  0/  Muidi. 

Hydrostatics  is  Die  science  which 
treats  of  the  pressure  of  watery  or 
liquid  fluids;  Ilydranlice  treats  of  tlieir 
motion ; and  Pneumatics  treats  of  the 
pressure  and  motion  of  the  air  and 
other  li^ht  clastic  fluids  of  a similar 
kind.  These  words  are  derived  from 
the  Greek  tongue,  wliich  being  well 
fitted  to  combine  words  together,  and 
thereby  to  express  the  union  and  the 
difference  of  ideas,  has  been  very  gene- 
rally used  for  scientific  names.  Hydro- 
statics comes  from  two  Greek  wonls 
which  signifr  the  stopping  or  balancing 
of  trater ; hydraulics  from  two  words 
signifjing  water  and  a pipe,  referring 
to  the  movement  of  water  in  certain 
musical  instruments  used  by  the  Greeks ; 
and  Pneumatics  from  a word  denoting 
breath  or  air;  and  these  three  branches 
of  science  are  intimately  connected  with 
each  other.  Tlie  whole  science  of  li- 
quids, or  watery  fluids,  comprehending 
both  Hydrostatics  and  Hydraulics,  is 
sometimes  called  Hydrodynamics,  from 
the  Greek  words  for  water  and  jmcer  or 
force. 

When  we  make  the  division  of  fluids 
into  watery  or  liquid,  and  aeriform,  or 
air-like,  we  arrange  them  more  accu- 
rately than  if  we  used  the  old  distinc- 
tion of  non-elastic  and  clastic ; for 
though  the  aifriform  fluids  are  much 
more  clastic  than  the  watery,  the  latter 
are  by  no  means  without  elasticity.  It 
was  at  one  time  believed  that  they  were 
wholly  without  it ; and  could  not  be 
compressed,  or  made  to  occupy  a smaller 
space  by  being  squeezed.  A society  of 
scientific  men  in  Tuscany  (the 
del  Cimento  of  Florence)  made  an 
experiment  which  was  for  a long  while 
supposed  to  prove  this.  They  filled  a 
hollow  ball  of  thin  beaten  gold  with 
water,  and  placing  it  in  a press  or  >ice, 
they  applied  a great  force  to  squeeze 


it:  by  altering  the  shape  of  the  bah, 
the  pressure  made  the  water  ooze 
through  the  pores  of  the  gohl,  nml 
stand  in  drops  on  its  surface.  Rut 
although  this  only  prove<l  that  the  water 
was  not  easily  compressible,  it  did  not 
shew  that  no  force  could  change  its 
bulk ; and'  Mr.  Canton  aftonvanls 
proved  that  liquids  arc  in  some  dcgn?e 
compressible,  and  therefore  elastic. 
His  experiment  was  very  simple,  and 
quite  decisive.  He  observed  tlic  height 
at  which  w ater,  previously  well  boiled, 
and  some  other  liquids,  stood  in  a glass 
tube,  in  the  air ; and  then,  by  means 
of  an  air  pump,  he  removed  the  air : he 
found  the  liquid  rose  in  the  tube, 
so  that  the  weight  of  the  air  must 
before  have  compressed  the  liquid,  or 
made  it  fill  a smaller  space.  It  was 
found  that  the  weight  of  the  air  com- 
presses rain  water  about  1 -22000th  of 
its  bulk,  or  makes  it  shrink  aliout  one 
part  in  22000;  olive  oil,  about  one 
part  in  2JOOO  ; spirit  of  wine,  one  part 
in  15000,  and  mercury  only  one  part  in 
33000. 

By  Mr.  Perkins's  late  experiments,  it 
should  seem  that  water  is  moiv  com- 
pressible than  lliose  ohler  obst*rvations 
indicate.  It  had  always  been  remarkwl, 
that  when  a bottle,  filled  with  water, 
and  corked  tight,  was  plunged  to  a great 
depth  in  the  sea,  the  water  in  the  bottle 
tasted  salt  on  bringing  it  up,  as  if  the 
cork  ha<l  been  forced  in  when  it  was 
under  water.  He  tlierefore  constructed 
an  instniment  to  ascertain  how  far  the 
cork  is  forced  in.  He  made  a holluw 
cylinder  of  brass,  water-tight,  with  a 
rod  moving  in  the  top  through  an  air- 
tight and  water-tight  hole,  an»l  on  this 
rod  ho  put  a spring  ring,  which  re- 
mained fixed  at  any  point  at  which  it 
was  placed.  Over  the  w hole  he  screw  ed 
a cover  or  cap,  to  prctect  the  rotl,  but 
drilled  with  holes  to  let  in  the  water ; 
he  filled  the  cylinder  with  water,  and 
lunging  it  five  hundred  fatlioms  deep, 
e found  that  tlie  ring,  when  tlie  iiu 
B 
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stniment  was  brought  up.  stood  eight 
inches  high  on  the  rod.  The  rod  there- 
fore had  been  forced  eight  inches  into 
the  water  in  the  cylinder,  when  at  the 
deepest.  Tlie  pressure  upon  the  rod 
was  about  tiiirteen  hundred  pounds ; 
the  surface'of  the  end  of  the  rod  about 
one-ninth  of  the  surface  of  the  water 
in  the  cylinder,  and  the  cylinder  two 
feet  long;  the  water  must  therefore 
have  been  forced  by  the  rod  into  a 
space  less  than  its  whole  bulk  when 
uncompresscii  t)y  or  one  twenty- 
seventh  part  of  tliat  bulk. 

lliat  watery  fluids  have  some  elasti- 
city is  indeed  so  plainly  proved  tw  every 
day’s  experience,  and  by  simple  facts,  as 
to  occasion  some  wonder  at  the  contrary 
ever  having  been  asserted  upon  tlie 
authority  of  any  one  experiment,  espe- 
cially when  that  was  of  a somewhat 
complicated  nature,  and  in  itself  far 
from  conclusive.  The  common  play  of 
making  ducks  and  drakes,  that  is, 
throwing  a flat  stone  in  a direction 
nearly  horizontal  against  a surface  of 
water,  and  thus  making  it  rebound, 
proves  the  water  to  be  elastic ; and  a 
musket-ball  when  so  fired  flies  up  iu 
like  manner,  after  striking  the  water. 
But  you  have  only  to  pour  water  into 
an  empty  basin  to  be  convinced  of  its 
elasticity;  the  first  water  that  falls 
sparks  about,  flying  up  from  the  ba- 
sin, and  then  what  falls  on  the  surface 
of  the  water  which  has  been  poured  in 
will  not  fly  so  much  up,  because  the 
water  is  much  less  elastic  than  the 
basin ; and  on  a glass  it  will  fly  still 
more,  glass  being  the  most  elastic  Ixidy 
we  know.  But  a piece  of  suet  or  putty, 
or  any  other  non-elastic  body,  wUl  not 
rebound  even  firora  glass. 

Chapter  II. 

Fundamental  Principle  of  equal 
Pressure. 

All  the  particles  of  fluids  are  so  con- 
nected together,  that  they  press  equally 
in  every  direction,  and  are  equally 
pressixl  upon : each  particle  presses 
equally  on  all  the  particles  that  sur- 
round it,  and  is  equally  pressed  upon 
by  these ; it  equally  presses  upon  the 
solid  bodies  which  it  touches,  and  is 
equally  pressed  upon  by  those  bodies. 
From  this,  and  from  their  gravity,  it 
follows,  that  when  a fluid  is  at  rest, 
and  left  to  itself,  all  its  parts  rise  or 
fall,  so  as  to  settle  at  the  same  level,  no 
part  standing  above  or  sinking  below  the 


rest.  Hence  if  we  pour  water  or  any 
other  liquid  into  a tube  (or  pipe)  bent 
like  a U,  it  will  stand  at  the  veiy  same 
height  in  both  limbs.  Nor  does  it  make 
any  difference  if  one  limb  is  wider  than 
the  other.  For  supjxjse  we  knock  off  the 
bottoms  of  a quart  bottle  and  of  a phial, 
and  plunge  them  upright  in  a trough 
of  water.  AB  C D (fig.  1.) ; the  water 
will  enter  both  the  phial  and  the  bottle, 
and  stand  at  the  same  level  in  both, 
being  the  same  with  the  level  of  the 
water,  FG,  outside  the  glass,  or  of  the 
water  in  the  trough  before  the  bottle 
and  phial  were  placed  in  it.  Supimse 
we  join  the  bottoms  of  the  two  by  a 
tube,  K,  passing  from  one  to  the  other 
in  the  water,  and  inclosing  so  much 
water;  this  will  make  no  difference  in 
the  level  of  the  water  either  in  the 
bottles  or  in  the  trough  generally.  So 
if  we  solder  this  connecting  tube  to 
the  two  upright  ones,  so  as  to  make 
tlie  joinings  water-tight,  and  thus  to 
form  one  vessel,  H K I,  this  can  make 


no  difference  on  the  level,  F G,  of  the 
water:  then,  if  we  remove  the  vessel 
thus  fonned  from  the  trough,  the  water 
must  stand  in  it  exactly  as  it  did  when 
in  the  trough,  because  it  is  manitestly 
impossible  that  it  should  make  any 
difference  to  the  water  inside  the  bottle, 
whether  there  be  water  on  the  outside, 
or  only  air;  and  the  water  will  stand 
as  high  in  the  wide  bottle  as  in  the 
narrow  phial.  In  like  manner,  if,  in- 
stead of  filling  the  bottles  by  plunging 
them  in  the  full  trough,  we  pour  water 
into  them  when  empty,  and  standing,  in 
the  empty  trough,  and  at  the  same 
time  we  pour  water  into  the  trough, 
the  water  will  stand  equally  high  in 
both  bottles : and  so  if  we  only  pour 
it  into  the  bottles,  and  not  into  the 
trough  at  all,  or  into  the  bottles  with- 
out any  troilgh  ; because  it  can  make 
no  diftcrence  to  the  water  inside  tlie 
glass,  whether  there  be  any  outside 
or  not,  there  being  no  communication 
whatever  between  the  inside  and  out- 
side.’ Generally,  then,  and  in  eveiy 
case,  if  there  be  two  lubes  or  limbs 
of  a lube  connected  together,  how- 
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ever  ilifferent  their  width  may  l)e,  a same  level,  and  thus  a portion  of  fluid, 
fluid  poured  into  them  will  stand  at  the  however  small,  as  B D,  (Jig.  ‘J.)  will  rc« 


sist  the  pressure  of  a portion,  however  tlie  size  of  the  two  portions  make  any 
laige,  as  ACE,  and  b.-dance  it;  for  if  dift'ereiice ; the  mass,  A E C,  will  be 
the  small  did  not  balance  the  lanre  por-  supported  by  the  mass,  B D,  however 
timi,  it  would  be  forced  upwards  and  unequal  iu  bulk,  and  however  unlike 
rise  above  B,  so  as  to  nui  over  the  in  form,  tlie  line  A E B being  the  level, 
mouth  of  the  tube,  and  be  higher  than  riius,  if  AB(fe-.3.)a  small  upright 
the  level,  A B.  Neither  the  shape  nor  tube,  C D a large  one  also  upright, 


E F a slanting  one,  G H a crooked 
one,  and  a globular  one  I K,  are  nil 
fixed  in  the  vessel  W P,  so  as  to  com- 
municate with  it,  and  by  means  of  it, 
with  each  other,  water  or  any  other 
liquid,  being  poured  into  them,  will 
stand  at  the  same  height  in  them  all, 
or  have  the  same  level  line,  S T U V. 

From  these  considerations  two  most 
important  conclusions  follow,  derived 
both  from  reasoning,  and  from  innume- 
rable facts  of  daily  occurrence.  The 
one  is,  that  water,  though,  when  uncon- 
fiued,  it  never  can  rise  above  its  level 
at  any  point,  and  never  can  move  up- 
wai-ds.will  yet,  by  being  confinerl  in  pipes 
or  close  channels  of  any  kind,  rise  to  the 
height  from  which  it  came,  that  is,  as 
high  as  its  source ; and  upon  this  prin- 
ciple depend  all  the  useftil  conti  ivances 
for  conveying  water  by  pipes,  in  a w ay 
far  more  easy,  cheap,  and  effectuai 
than  those  vast  buildings,  called  aque- 
ducts, by  which  the  ancients  carried 
their  siip])lies  of  water  in  artificial 
rivers  over  arches  for  many  miles.  It 


is  evident  that  the  sti-eam  must  have 
been  running  down  all  the  way,  and 
consequently  that  a fountain  could  in 
this  manner  never  supply  any  place 
at  the  same  or  nearly  the  same  height 
with  itself.  The  other  conclusion  is 
not  less  true,  but  far  more  extraoixli- 
nary,  and  indeed  startling  to  our  be- 
lief, if  we  did  not  consider  the  reason- 
ing upon  which  it  is  foundcrl ; it  is, 
that  the  pressure  of  the  water  upon 
any  object  against  which  it  comes,  any 
vessel  which  contains  it,  or  any  space 
upon  which  it  rests,  is  not  at  all  in 
proportion  to  the  body  or  bulk  of  the 
water,  but  only  to  the  siie  of  the 
surface  on  or  against  which  it  presses, 
and  its  own  height  above  that  sur- 
face. 

This  foUows  immediately  from  the 
foregoing  explanation  and  reasoning. 
For,  suppose  the  communication  be- 
tween the  two  limbs  of  ilie  tube,  GDI, 
is  cut  off  at  F (ytg.  ‘I.),  the  tiody  of 
water  may  l!e  rais;  ci  to  G II  iu  the  limb 
G K,  while  it  rrmains  at  H in  the  oiher 
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.'imb;  liiiTi  the  slop-cook  F,  ami  the 
water  will  sink  a little  in  U\e  wide  limb, 


and  rise  to  the  same  level,  I,  in  the 
narrow  one ; in  like  manner,  while  the 
obstruction  remains,  you  may  raise 
the  water  to  I.  and  if  it  be  removed,  it 
will  fall  in  B D,  while  in  A K it  will 
rise  till  it  is  equally  hiifh  in  both.  So 
that  the  small  ijuantity  I B biUances 
the  large  quantity  G A E H,  because 
both  press  on  the  same  space  at  F,  and 
hoth  are  of  the  same  heicht : for  whe- 
ther the  two  volumes  of  water  IDF  and 
G E F press  on  each  other,  or  on  some 
surface  placed  between  them  at  F,  can 
make  no  difference ; if  they  balance 
each  other  it  is  because  they  press 
equally:  they  therefore  press  equally 
on  the  same  plate  or  other  solid  body 
placed  between  them  ; and  in  like  man- 
ner two  volumes  of  water  quite  uncon- 
nected and  standing  upon  different  bo- 
dies, w hatever  the  bulk  of  water  may 
be,  press  upon  an  equal  extent  of  sur- 
face, with  a weight  proportioned  to  the 
height,  and  not  at  aU  to  Ore  bulk  of  the 
water.  Hence  the  general  rule  for  esti- 
mating the  pressure  of  any  fluid  is.  to 
multiply  the  height  of  the  fluid  by  the 
extent  of  the  surface  on  which  it  stands, 
and  tlie  product  gives  a mass  which 
presses  with  the  same  weight  as  the 
fluid  standing  on  that  surface,  however 
shallow  it  may  be,  provided  any  portion 
is  supported  at  the  height  by  a tube. 
If  A B (Jig.  5.),  a tube  twenty  feet  high, 
fip.  5. 


and  one  inch  in  bore  (or  diameter),  be 
filled  wilh  water,  and  plunged  into  a 
space,  C D E F.  three  feet  square  and 
half  an  inch  deep,  likewise  tilled  with 
water,  there  will  stand  in  A B and 
C 1)  F E together  only  about  tliirty- 
seven  pounds  troy  of  water ; yet  this 
w ater  will  press  in  all  directions,  dou  n- 
wai-ds,  upwards,  and  sideways,  with 
the  same  force  as  if  the  whole  s])ace 
AD  C B were  filled  with  water,  that  is, 
as  if  there  were  five  tons  of  water 
standing  on  B C. 

The  equal  pressure  of  fluids  in  evei-y 
direetion,  is  illustrated  by  many  vei-y 
simple  experiments.  If  a weight  of  a 
pound  or  two  is  placed  upon  a thin 
plate  of  glass,  it  breaks  through  the 
glass  immediately,  because  all  the 
jiressure  is  from  above ; but  if  the 
glass  is  laid  on  a flat  surface  sufficient  ly 
strong  to  support  it,  the  weight  will 
not  break  the  glass,  provided  it  be  laid 
gently  on,  because  there  is  a resistance 
on  the  under  side  equal  to  the  pressure 
on  the  upper.  If  the  glass  jilate  is  made 
the  bottom  of  a cistern,  and  a sufficient 
weight  of  water  poured  in,  it  w ill  break 
the  glass  in  the  same  way;  hut  if  the 
plate  be  placed  in  a cistern,  however 
deep,  so  that  there  in, ay  be  water  on 
both  sides  of  it,  however  thin  the  glass 
may  be,  it  will  not  be  broken.  Suji- 
posc  the  glass  is  a foot  square,  and 
IS  placed  Iwelvc  feet  deep,  and  is  ns 
thin  as  a piece  of  the  finest  cambric 
paper,  so  that  the  weight  of  a few 
grains  would  break  through  it  in  the 
air ; it  will  support  a weight  of  twelve 
cubic  feet  of  water,  or  nearly  seven 
hundred  weight,  w ithout  being  broken, 
crushed,  or  emcked ; or  if  the  cistern 
be  filled  witli  mercury,  tlie  film  of  glass 
will  support  a weight  of  above  four 
tons  and  a half  without  any  injury. 
This  could  only  happen  by  the  pressure 
of  the  fluid  being  exactly  the  same  up- 
wards and  downwards,  and  in  all  di- 
rections. So  if  a force  is  applied  to 
the  water  for  the  purpose  of  jiressing 
it,  however  great  the  force  may  be 
which  is  thus  conveyed  through  llic 
liquid  to  the  solid  plunged  in  it,  though 
that  solid  be  an  egg.  or  an  egg-shell 
filled  with  water,  or  a piece  of  the 
finest  spun  glass,  or  a spider's  web.  the 
shape  will  remain  wholly  unch.anged  by 
the  pressure  applied.  This  is  some- 
times illustrated  still  further  by  a cu- 
rious experiment.  An  egg  and  a piece 
of  very  soft  wax  are  ]>laeed  in  a blad- 
der filled  with  water,  and  this  is  placed 
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in  ft  box,  so  as  to  toucli  its  sides  and 
bottom ; then  a t)rass  plate  is  laid  loosely 
upon  the  bladder,  and  a hundred  pounds 
weight  or  more  is  laid  upon  the  plate ; 
the  wax  and  the  egg  though  pressed  by 
the  water  with  this  weight,  yet  being 
pressed  equally  in  all  directions,  are 
not  in  the  least  either  crushed,  or  al- 
tered iti  shape. 


Chaptkii  III. 

Consequmcps  nf  the  Principle — Ily- 
dmstatic  Paradnx — Levelling. 

It  is  a consequence,  or  rather  another 
example  of  the  some  principle,  that  if 
you  ]>uise  in  a balance  a pitcher  full 
of  water,  by  loailing  the  opposite  scale, 
and  then  hold  in  the  pitcher  a block  of 
wood,  or  any  other  substance  nearly 
the  size  of  the  pitcher,  but  so  tliat  it 


shall  not  touch  its  sides  or  bottom, 
although  almost  all  the  water  will  thus 
have  been  made  to  run  over  the  sides, 
and  only  a spoonful  may  remain,  yet  tho 
scales  will  continue  balanced  ; and  this 
without  any  regard  to  the  weight  of  the 
bmly  plunged  into  the  water,  and  though 
you  hold  it  entirely  clear  of  the  pitcher, 
so  that  it  touches  it  in  no  place ; for 
the  effect  will  be  the  same  if  what  you 
plunge  in  be  scooped  hollow,  and  made 
water-tight,  so  as  to  displace  the  greater 
part  of  the  water.  A bladder  blown 
up,  and  tied  fast,  for  example,  and  belli 
down  in  the  water,  so  ns  to  leave  only  a 
spoonful  surrounding  it,  will  keep  the 
scales  balanced  just  ns  well  as  a block  of 
lead  the  same  size.  Thus  if  E E ( /fg.  fi.l 
be  a balance  with  two  scales  K !md  E, 
you  m.ay  put  a jar  of  water  A in  oim  of 
the  scales  F,  and  balance  it  with  weights 
in  the  other  scale  E.  Then  pour  out 


all  the  water  but  an  inch  or  two  at  the 
bottom,  so  that  it  stands  at  B instead 
#f  A,  as  in  the  jar  B ; the  weights  in 
K will  be  much  too  heavy  for  it;  now 
take  a crooked  piece  of  wood  G H I, 
and  place  it  so  that  the  thick  part  I is 
plunged  to  near  the  bottom  of  the  Jar, 
and  make  the  water  rise  from  b to  a, 
as  high  as  it  stood  before  in  the  full 
jar  A ; the  scale  F will  again  balance 
tlie  weights  in  the  scale  E,  although 
there  is  only  the  small  quantity  of  water 
in  it  that  surrounds  the  block.  And  this 
does  not  depend  on  the  weight  of  tlie 
block  I,  which  is  entirely  supported  by 
the  stand  G K ; for  whether  it  be  made 
of  wood  or  lead  or  card,  the  water,  if  it 
stands  as  high  round  it,  balances  the 
same,  weight  as  before.  An  easy  way 
of  trying  this  is,  by  putting  a tumbler 
full  of  w ater  in  one  scale,  and  balancing 
it  with  weights  in  the  other,  then  pour- 
ing out  all  but  two  or  three  tablc- 
spoonsfull ; the  scale  with  the  weights 
will  of  eoiiise  sink;  but  if  you  now 
put  a smaller  empty  tumbler  in  the 


other,  so  as  to  make  the  water  rise 
round  it  to  the  brim,  still  holding  it 
when  immersetl,  the  balance  will  be 
restored ; and  the  small  tumbler  will 
not  make  the  scale  weigh  heavier  if  it 
be  tilled  with  leael-shot;  nor  will  it 
make  the  scale  lighter,  if,  instead  of 
glass,  the  smaller  tumbler  is  made  of 
thin  wood  or  card. 

There  is  yet  anotherwayof  illustrating 
the  effects  of  this  property  of  fluids. 
We  have  seen  howthe  displacing  of  any 
portion  of  a fluid  by  a fixeil  solid,  what- 
ever be  the  w eight  of  the  solid,  produces 
no  difference  in  the  w eight  of  the  fluid, 
rovided  it  stands  at  the  same  height  as 
efore  , and  how,  raising  the  height  of 
the  fluid  by  plunging  a solid  into  it.  in- 
creases its  pressure,  or  apparent  weight. 
If  the  fluid  is  raised  by  pressing  or 
forcing  it  upwards,  in  however  thin  a 
column,  provideil  the  ves.sel  be  kept 
full,  and  closed  in  all  directions,  the  pres- 
sure of  tho  fluid  will  be  increased,  and 
the  apiiarent  weight  of  the  vessel  will  be 
increased,  although  nothing  whatever. 
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either  solid  or  Iluid,  is  iidded  to  it. 

The  cylindrical  vessel  AU  C I). 

has  a tube  11  closely  fitted  into  its  top, and 


a rod  E K fixed  to  a plate  F G,  moving 
up  and  down,  water-tu(ht,  m the  vessel, 
which  is  supposed  fixed  to  the  frame 


A M.  The  plate  being  at  the  bottom  C D, 
water  is  ponreil  into  the  vessel,  so  that 
it  rises  nearly  to  A B,  but  does  not  rise 
in  the  tube.  It  is  then  balanced  Ijy  a 
weight  in  the  scale  L.  If  the  rod  E K 
is  drawn  up  so  as  to  raise  the  plate,  and 
force  some  of  the  water  info  tlie  tube, 
the  water  will  seem  to  weigh  more 
than  it  did  ; and  to  restore  tlic balance, 
more  weight  must  actually  be  put  into 
the  scale  I..  If  the  vessel  is  three  inches 
diameter,  every  inch  that  the  water 
rises  in  the  tube  will  rc(|uire  more 
than  four  ounces  to  be  added  to  the 
weight,  whatever  be  the  bore  of  tlie 
tube;  for  the  pressure  of  the  water 
in  all  directions  will  be  increased  by 
the  weight  of  a body  of  water,  whose 
height  is  the  height  of  the  water  in  the 
tulie,  and  whose  base  is  the  extent  of 
the  surface  of  the  water  i>ressing  on 
the  top  A B ofthe  vessel.  Now  the  top 
beingthree  inehosdiameler,  its  surface  is 
about  7t1,  square  inches ; and  a portion 
of  water  one  inch  high,  and  Tjij  square 
inches  broad,  is  7,V  cubic  inches  of  wa- 
fer, which  weigh  about  four  ounces. 
Thus,  raising  tlie  rod  a foot  will  add 
three  pounds  to  the  apparent  weight  of 
the  water. 

This  principle,  from  its  extraordi- 
naiy  illustrations,  is  called  the  }!y- 
dro&latical  paradox;  paradox  being 
a word  from  the  Greek,  and  signifying 
something,  which,  though  true,  ap- 


pears when  first  considered  to  be  un- 
true. When  we  are  told  that  any  quan- 
tity of  water,  however  small,  may  be  so 
employed  as  to  balance  any  quantity 
of  water,  however  great,  wc  are  at  fii-st 
startled  by  the  apparent  impossibility  of 
the  statement.  But  when  we  come  to 
examine  it  more  closely,  we  find  it  to  be 
accurately  tnie ; for  the  small  tube  in 
tlie  foregoing  figures  may  be  made  ever 
so  naiTOw,  and  to  hohf  ever  so  little 
water,  while  the  wide  tube  comniuni- 
eating  with  it  may  be  made  ever  so  large, 
and  holding  ever  so  much  water ; and 
tJie  level  at  which  the  water  stands  in 
both  tubes  will  be  the  same.  So  in  the 
scales  you  may  plunge  as  large  a body 
as  you  plea.se  into  the  vessel  of  water, 
ami  leave  as  little  water  in  the  vessel  a.s 
possible ; still,  if  what  y'ou  leave  stands 
^ high  as  the  whole  quantity  stood, 
it  will,  by  weight  and  pressure  together, 
produce  as  much  effect  as  the  whole 
quantity  of  fluid. 

Every  thing,  under  these  circum- 
stances, depending  upon  the  height 
and  the  suitaee,  and  very  little  upon 
the  bulk  of  the  fluid,  we  may  easily 
lerccive  what  mischief  may  be  done 
jy  a very  small  quantity  of  water, 
it  it  happens  to  be  a])plied  or  distri- 
buted. so  as  to  stand  high,  in  however 
thin  alxKlyoruolumn.aiid  to  spread  over 
a wide  but  confined  and  shallow  space. 
Suppose  that,  in  any  building,  a very 
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small  quantity  of  water  has  settled, 
and  is  confined  to  the  extent  of  a square 
yard  on  tl'.e  ground  near  the  founda- 
tion, and  suppose  it  to  fill  up  the  whole 
vacant  space  or  crevice  of  no  more  than 
half  an  inch  deep,  between  the  ground 
and  some  part  of  the  masonry ; if  you 
take  a tube,  however  slender,  of  twenty 
feet  long,  and  tJirust  it  down  into  the 
water,  and  then  fill  it  with  water  from 
above,  you  apply  a force  or  pressure 
of  above  five  tons  under  a space  of  only 
a yard  square  of  the  building,  and 
destroy  it  as  easily  as  if  you  had  mined 
it  with  gunpowder.  This  may  be  easily 
tried  with  a hogshead  or  butt  of  water, 
or  any  other  liquid,  by  fixing  a small 
strong  pijie  in  the  bung-hole,  and 
pouring  water  through  it ; when  the 
water  rises  in  the  pipe  to  a sufficient 
height  (and  this  will  be  more  or  less 
according  to  the  strength  of  the  barrel), 
the  bairel  will  burst,  although  but  a 
/cry  small  quantity  of  water  may  have 
oeen  poured  into  the  pipe  ; for  the 
pijie  may  be  of  an  extremely  small  bore, 


its  width  being  wholly  immaterial.  One, 
twenty  feet  long,  was  found  to  biirsl  a 
hogshead  with  great  violence. 

The  same  effect  may  be  produced 
naturally  by  the  rain  falling  into  and 
filling  some  long  narrow  chink  tfiat 
may  have  been  left  in  the  walls  of  a 
bunding,  or  may  be  made  by  its  decay 
in  the  course  of  time ; and  whether  the 
chink  be  equally  wide  throughout,  or 
vary  in  its  sire,  and  whetlier  it  be 
stniight  like  a pipe,  or  erooked,  makes 
no  difference ; provided  it  is  water-tight, 
so  as  to  get  fiul  of  the  rain,  the  pres- 
sure will  always  be  in  proportion  to 
its  perpendicular  height,  and  not  to 
its  len^i  if  it  winds.  The  same  pro- 
cess in  nature  may  produce  the  most 
extensive  devastation;  it  may 'cause 
earthquakes,  and  split  or  heave  up 
mountains.  Suppose,  in  the  bowels  of 
some  mountain,  Cfg-  tt.)  there  should  be 
an  empty  space  of  ten  yanis  square,  and 
only  an  inch  deep  on  an  average,  in 
which  a thin  layer  of  water  had  lodged 
so  ns  to  fill  it  entirely ; and  suppose. 


that,  in  the  course  of  time,  a small 
crack  of  no  more  than  an  inch  in  dia- 
meter should  be  worn  from  above,  200 
feet  down  to  the  layer  of  water ; if  the 
rain  were  to  fill  this  crack,  the  moun- 
tain would  be  shaken,  perhaps  rent  in 
pieces  with  the  greatest  violence, 
being  blown  up  with  a force  equal  to 
the  pressure  of  above  5022  tons  of 
water,  uiough  only  about  21  tons  al- 
together had  been  actually  applied. 
The  same  thing  would  happen  if  any 
one  on  the  spot  where  there  is  such 
a layer  of  water  below  ground  should 
bore  down  in  sinking  a well,  or  seek- 
ing for  a spring,  and  then  fill  the  tube 
with  water  ; it  is  impossible  to  fix 
the  limits  to  the  convulsion  which 


might  ensue.  This  prodigious  power 
however  may  be  employed  safely,  and 
even  beneficially.  In  the  operations  of 
nature,  it  is  probably  an  important 
agent,  though  it  has  not  been  sufflci- 
eiiily  attended  to  by  philosophers  in 
their  attempts  to  explain  natural  ap- 
pearances; and  it  is  capable  of  being 
applied  aelvantageously  in  the  opera- 
tions of  art.  It  may  plainly  be  used 
with , great  effect  in  mining.  On  a 
smaller  scale,  and  as  a power  in  ma- 
chinery, it  may  certainly  be  employ^ 
far  more  extensively  than  it  has  hi- 
therto been.  A tube  of  a yard  long, 
acting  on  a cavity  of  a yard  square, 
will  give  a pressure  equal  to  the  weight 
of  ) of  a ton  avoWupois,  if  used 
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with  water , hvit  quicksilver  may  be 
employed  instead  of  water,  and  as  it 
is  between  thirteen  and  fourteen  times 
heavier,  we  shall  have  a power  of  ten 
tons,  by  the  use  of  a tube  and  a few 
pounds  of  mercury ; and  in  like  manner 
the  power  of  a ton  weieht  may  be 
obtained  within  the  space  of  a square 
foot  in  breadth,  by  a tube  a little  less 
than  three  feet  lonit,  and  of  the  bore  of 
a common  j^ose  quill. 

The  instrument,  or  rather  pWything, 
called  the  Hydrostatic  IMIoirt,  is  con- 
structed upon  the  same  principle.  It 
consists  of  two  boards  attached  to  one 
another  by  leather,  Koing  all  round 
them,  and  makini;  the  space  within 
water-tii?lit ; there  is  no  valve  ns  in 
the  air-bellows,  but  instead  of  it,  a 
hole  is  bored  in  the  upper  board, 
and  a pipe  inserted,  through  which 
water  is  poured  so  as  to  fill  the 
space  between  the  boards.  If  the 
boards  be  a foot  and  a half  long,  and 
sixteen  inches  broad,  and  you  load  the 
upper  one  with  three  hundred  weight, 
a quarter  of  a pound  of  water  poured 
through  the  tube,  and  rising  only  three 
feet  in  it,  will  raise  the  whole  weight 
as  high  as  the  leather  allows.  In 
this  way  it  will  raise  two  stout  men  ; 
and  if,  instead  of  pouring  water  into 
the  pipe,  the  two  men  stand  upon  the 
upper  board,  and  one  of  them  blows 
into  the  pipe,  the  pressure  thus  made 
upon  the  water  being  conveyed  in  every 
direction,  will  produce  the  same  effect, 
and  raise  them  both.  The  smaller  the 
bore  of  the  pipe,  the  easier  will  they 
be  raised,  and  l.y  stopping  it  with  the 
finger  immediately  after  blowing,  so  as 
to  keep  in  the  air,  they  may  keep  them- 
selves raised  up.  So  when  water  is 
poured  in,  if  the  pipe  be  ever  so  small, 
and  contain  ever  so  little  water,  pro- 
vided it  be  long  enough,  the  weight 
w ill  be  raised  by  it. 

A more  striking  ns  well  as  accurate 
mannerofexhibitingthis  experiment  was 
contrived  by  Ferguson,  a man  of  great 
genius,  who  from  tlie  humble  condition 
of  a shepherd  s lx>y  raised  himself  to 
rank  with  the  most  useful  pliilosophers 
of  his  age,  and  composed  a work  upon 
the  different  brunches  of  Natural  Phi- 
losophy that  still  holds  a high  place 
among  the  books  which  treat  of  those 
sciences,  although  he  never  had  any 
fuither  education  from  teachers  than 
three  months’  reading  and  writing.  A 
tube  AH*  (/?g.  9.)  is  fixed  upright  in  the 


* Atf  the  tube  A B eoulil  not  beve  tuficieot  leof  Ui 


end  of  a box  C D E F,  open  at  the  fop 
and  on  one  side.  The  tube  is  bent  at  B, 


and  inserted  in  the  neck  of  a bladder  L, 
upon  which  is  laid  a board  O P , and 
upon  the  board  different  weight  m n, 
through  a hole  in  each  of  which  the 
pin  I K,  fixed  in  the  board,  passes ; an 
arm  G I,  passes  from  the  box  to  steady 
the  pin ; water  is  tlien  poured  through 
A B till  it  fills  the  bladder,  and  the 
bladder  is  stretched,  and  raises  the 
boarxl,  as  soon  ns  the  water  rises  in 
the  tube,  although  the  weights  may  be 
above  sixteen  pounds,  and  the  water  in 
the  tube  not  a quarter  of  an  ounce. 

The  uses  to  which  this  power  may 
be  applied  are  of  great  variety  and 
extent ; and  this  branch  of  art  appears 
as  yet  to  be  in  its  infancy.  Tliere  has, 
however,  been  a most  valuable  and 
ingenious  application  of  it  by  the  late 
Mr.  Bramah,  in  what  is  called  the  Hy- 
drostatic Press,  by  which  a prodigious 
force  is  obtained,  strictly  upon  this 
principle,  with  the  greatest  ease,  and 
within  a very  small  compass ; so  that  a 
man  shall,  with  a machine  the  sixe  of  a 
common  teapot,  standing  before  him 
on  the  table,  cut  through  a thick  bar 
of  iron  as  easily  as  he  could  clip  a 
piece  of  pastelxjard  with  a pair  of 
shears.  The  machine  as  most  com- 
monly used  is  thus  constructed.  E F 
tjig.  10.)  is  a solid  mass  of  wood  or 
masonry,  rendered  steady  by  its  weight, 
or  by  being  fixed  in  the  ground.  B 
represents  a strong  horizontal  board, 
moveable  up  and  down  in  grooves  of  the 
two  uprights ; and  any  substance  to  be 
pressM  or  broken,  is  placed  in  the 
space  above  it.  The  piston  A,  on 
which  B rests,  moves  up  and  down  in 
the  hollow  cylinder  L,  and  fits  the  neck 
N,  so  as  to  be  water-tight.  From  the 
cylinder  runs  a tulre,  of  much  less  bore 

wUhavl  ^ncrfMirhinif;  too  moch  anon  Ihc  it  is 

reprrsenteU  if  a part  of  it  botirut  tbo  extrenitn 
paa  been  remored. 
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than  the  cylinder  L,  having  at  the  part 
I a valve  opening  towards  the  cylinder ; 
and  D is  the  handle  of  a forcing  pump 
C H,  by  means  of  whose  piston  water 
can  be  forced  under  the  piston  A.  K 
represents  another  valve  which,  re- 
lieved from  the  prcss'are  of  the  adja- 
cent screw,  allows  the  water  to  flow 
back  again  through  the  pipe  M into 
the  reservoir  G,  when  the  solid  A is 
required  to  descend.  The  pressure 
upon  the  bottom  of  the  piston  at  L, 
will  be  to  the  pressure  upon  the  water 
in  H,  by  means  of  the  piston  rod 
C,  as  the  size  of  the  under  surface 
of  A,  to  the  size  of  the  surface  H,  or 
as  the  section  of  that  part  of  the  cylin- 
der occupied  by  the  respective  pistons. 
It  is  therefore  as  if  we  had  to  compare 
the  pressure  of  water  of  the  same  depth, 
but  on  different  surfaces ; and  this  is  in 
proportion  to  the  surfaces.  If  the  pis- 
ton H is  half  an  inch  iliameter,  and  the 
cylinder  A one  foot,  the  pressure  of  the 
water  on  the  bottom  of  the  cylinder 
will  be  to  the  pressure  of  the  smaller 
piston  on  the  water  at  H,  as  a square 
foot  to  a quarter  of  a square  inch  (the 
areas  of  circles  lieing  as  the  squares  of 
their  diameters),  that  is,  as  144  square 
inches  to  a quarter  of  a square  inch, 
or  as  576  to  I ; and  therefore  if  the 
pressure  of  a ton  weight  be  given  by 


means  of  the  lever  D.  the  evlinder  A 
will  be  moved  upwards,  and  he  forced 
or  pressed  against  whatever  is  placed 
in  the  space  above  it,  witli  the  weight  of 
576  tons.  It  is  evident  that  this  power 
may  be  increased  without  any  other 
bounds  than  the  strength  of  the  ma- 
terials, either  by  machinery,  which 
will  increase  the  force  upon  the  water 
in  the  pump  C H ; or  by  increasing  the 
disproportion  between  tne  diameters  of 
the  two  pistons,  or  by  both.  Thus,  if 
a pressure  of  two  tons  be  given  by  a 
pump  of  only  a quarter  of  an  inch, 
and  the  cylinder  be  a yard  in  diameter, 
the  pressure  upwards  will  be  equal  to 
the  weight  of  41472  tons;  and  this 
prodigious  effect  will  be  produced  by 
the  agency  of  less  than  a pound  of 
water.  Such  a force  is  much  too  great 
for  the  strength  of  any  materials  wliich 
we  can  employ.  But  within  the  space 
of  nine  or  ten  inches  square  and  a foot 
high,  a force  of  5 or  6(J0  tons  may  easily 
be  brought  to  bear  upon  any  substance 
which  it  is  wished  to  press,  to  tear  up, 
to  cut  in  pieces,  or  to  pull  asunder. 

Upon  the  tendency  of  all  the  parts  of 
fluids  to  dispose  themselves  in  a plain 
or  level  sur^e,  depends  the  making  of 
levelling  instruments,  or  instruments  for 
ascertaining  whether  any  surface  is 
level,  or  any  line  horizunl^ ; for  flnding 
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what  point  is  on  the  samel  evel  with  any 
iriven  point,  and  how  much  any  point 
is  above  or  below  the  level  of  any  other 
point.  A B (Jig.  1 1 .)  is  a tube,  with  its 
two  ends,  d,  e,  turned  up,  and  open ; it  is 


B A 


A and  F,  and  moving  round  A,  on  a 
quadrant  or  (juarter  of  a circle  D E di- 
vided into  ninety  equal  parts.  When 
you  desire  to  know  now  many  degrees 
any  object  P is  below  the  level  of  A B. 
or  of  O,  you  turn  A F until  P is  covered 
by  the  cross  wires  of  A and  F,  and  ob- 
sen  e the  numlier  of  divisions  in  E G. 
If  P is  above  the  level  of  AB,  you 
turn  up  the  instrument,  and  raise  the 
arm  A F above  A B,  by  turning  it  round 
on  A,  until  the  cross  wires  cover  P. 


filli-d  with  water  or  mercury : uron  the 
fluid  at  d and  at  c are  placed  small 
floats,  each  carrying  an  upright  sight, 
or  square  with  a wire  or  hair  across 
it ; and  the  sights  are  placed  across  the 
direction  AB.  If  the  instrument  is 
placed  on  any  surface,  or  held  in  the 
hand,  whether  level  or  not,  on  looking 
through  the  sight  c you  find  the  cross 
wire  of  c cover  the  cross  wire  of  d,  be- 
cause the  fluid  stands  equally  high  at 
both  ends ; and  if  the  two  cross  wires 
cover  any  object  towards  which  the 
sights  are  pointed,  that  object  must  ne- 
cessarily be  on  the  same  level  with  the 
instrument.  In  the  use  of  this  instru- 
ment it  is  quite  immaterial  how  you 
place  or  hole!  it,  whether  level  or  not. 
The  common  spirit-level  is  a tube  filled 
with  spirit  of  wine,  excepting  a small 
space,  in  which  there  is  a bubble 
of  air  left ; and  then  the  tube  is  her- 
metically sealed,  or  closed  by  being 
melted  with  a blow-pipe.  When  the 
tube  is  laid  on  a level  surface,  the 
air-bubble  stands  in  the  very  middle 
of  the  tube ; when  the  surface  slopes, 
the  bubble  rises  to  the  higher  end. 
A B (Jtg.  1 2.)  is  the  spirit-level,  and 
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Chapter  IV. 

Prtuure  on  Oblique  Surfaces — Centre 
of  Pressure. 

Hitherto  we  have  treated  of  the 
pressure  of  any  fluid  upon  a horizontal 
or  level  surface ; and  it  is  always  easily 
found.  You  have  only  to  multiply  the 
height  or  depth  of  the  fluid  by  the  ex- 
tent of  the  surface,  and  the  product 
gives  the  bulk  of  fluid,  the  weight  of 
which  is  e^al  to  the  pressure  upon  the 
surface.  Thus  if  the  surface  is  three 
feet  by  two,  or  six  square  feet,  and  the 
height  of  the  fluid  tlirec  feet,  the  pres- 
sure is  equal  to  the  weight  of  eignteen 
cubic  or  solid  feet  of  the  fluid.  If  it  is 
water,  a cubic  fbot  of  which  weighs 
62i  pounds,  the  pressure  is  equal  to 
1 1 25  pounds. 

But  if  the  surface  is  not  horizontal,  a 
different  rule  must  be  applied  ; for  tlicn 
the  pressure  is  equal  to  the  weight  of  a 
bulk  of  fluid  found  by  multiplying  the 
extent  of  the  surface  into  the  deplli  of 
the  centre  of  gravity  of  the  surfkoc ; that 
is,  of  the  point,  which,  being  supported, 
the  whole  surface  remains  balanced  or  at 
rest.  IfAB  C^g'.  13.)istliesurfaccofth« 


sights  being  fixed  at  A and  B,  when 
A B is  so  placed  that  the  bubble  C 
stands  at  the  middle  point,  any  object 
O covered  by  the  two  cross  wires  of  the 
sights  A and  B,  is  on  the  same  level 
with  the  surface  where  A B is  placed. 
Then  there  is  a limb  A F,  with  sights  at 


Jig.  13. 


fluid,  and  E F I the  sloping  surface  upon 
which  it  presses,  G its  centre  of  gravity, 
and  G H the  depth  of  G ; the  pressure 
on  E F I is  the  weight  of  a body  of  the 
fluid  equal  to  £ F I multiplied  by  G H ; 
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or  a body  or  column  of  the  fluid,  whose 
base  is  E F I,  and  height  Cl  H.  Tims 
if  the  surface  E F I be  removed,  and 
the  vessel  A B C K be  a cube,  or  one 
with  bottom  and  sides,  A K,  K C,  and 
B C,  et^ual  to  each  other ; the  centre 
of  gravity  of  the  sides  being  in  the 
middle  point  N,  the  pressure  u|>oneach 
side  is  that  of  the  body  of  fluid  found 
by  midliplying  K C and  N B together, 
or  half  the  whole  fluid  in  the  vessel ; 
while  the  pressure  on  the  bottom  is 
equal  to  the  weight  of  the  whole  fluid. 

In  this  manner  we  can  easily  find 
Uie  pressure  upon  a dam,  whether  it  is 
upright  or  sloping  in  the  water.  We 
have  only  to  taae  half  the  depth  of  the 
water,  and  miUtiply  it  by  the  super- 
ficial extent  of  the  dam  ; this  givcs_the 
bulk  of  water  whose  weight  is  the 
pressure  on  the  dam.  Suppose  the 
water  to  he  four  feet  deep,  and  twelve 
broad ; the  dam,  if  perpendicular,  is 
forty-eight  square  feet ; the  centre  of 
gravity  being  at  half  the  depth,  or  two 
reet,  the  pressure  is  equal  to  ninety-six 
cubic  feet  of  water,  or  6000  pounds 
exactly;  about  two  tons  and  tliree- 
quarters. 

The  pressure  against  the  upright 
sides  of  a cylinder  filled  with  water, 
such  as  a pipe,  or  well,  or  the  cylinder 
of  a steam-engine,  may  Ire  found  in  the 
same  way.  >Iultiply  the  curve  surface 
under  water  by  the  depth  of  its  centre 
of  gravity,  which  is  half  the  depth  of 
the  water.  If  the  water  stands  tu  enty 
feet  high,  and  the  diameter  or  bore  of 
the  cylinder  is  four  feet;  the  curve 
surface  being  about  2.tIJ  square  feet, 
and  the  centre  of  gravity  1 0 feet  deep, 
the  pressure  is  eciual  to  the  weiglrt  of 
atx  V c 25 1 3 cubic  feet  of  water,  or  above 
70  tons*. 

It  is  convenient  in  practice  to  hear 
in  mind,  that  the  pressure  of  fresh  water, 
the  fluid  most  commonly  the  subject  of 
Cidculation,  is  always  about  thirteen 
pounds  upon  every  square  inch  of  level 
iKjttom,  at  the  depth  of  30  feet,  what- 
ever the  form  or  position  of  the  sides 
may  be ; and  so  in  proportion  for 
greater  or  lesser  depths ; and  that  if  the 
sides  are  perpendicular,  whatever  may 
be  their  shape,  that  is,  provided  the 


* ThecirnimCrmiev  oi  iIm  cirri*  i«  to  i(«  diameter 
aearly  a*  3.14159,  (or  a Itlil*  le«r«  than  3 to  1. 
The  nQrfacc  of  the  sphere  or  |lobe  i*  ia  the  aame 
proporiion  to  the  square  of  lU  diatnerrr.  The 
curred  sorface  of  the  evlioder  i*  in  the  same  pri> 
portion  to  (be  product  of  iu  Icnfth  maltipled  by  it* 
bore  or  diatuelcr. 


width  of  the  vessel  or  pond  is  the  same 
all  the  way  down,  the  pressure  on  every 
square  inch  of  the  sides  is  nearly  thir- 
teen  pounds  at  the  depth  of  30  feet ; and 
so  in  proportion  for  greater  or  lesser 
depths. 

The  same  nde  extends  to  finding  the 
pressure  upon  surfaces,  whatever  I)e 
their  shape,  whether  plain  or  curve ; 
whatever  he  their  position,  horizontal, 
perpendicular,  or  slanting:  It  is  always 
the  pressure  of  a body  of  water  equal 
to  the  product  of  the  surface  by  the 
depth  of  its  centre  of  gravity.  1310*,  if 
you  would  find  the  pressure  upon  the 
sloping  side  of  a pond;  drop  a line 
from  the  water  to  the  mid<Be  point 
of  the  sloping  side  between  the  wa- 
ters edge  and  tlie  bottom,  and  mul- 
tiply the  length  of  the  plum-line  under 
water  I)y  Uie  extent  of  the  side  co. 
veted  witli  water.  If  tl:e  plum-line  is 
ten  feet,  there  will  be  upon  every  six  feet 
square  of  that  side  a pressure  of  alrout 
ten  tons.  So  if  you  would  find  the 
ressure  on  a hemispherical  vessel,  or 
alf  globe,  just  covered  by  the  water, 
multiply  half  the  depth  of  the  water  by 
the  curve  surface  of  the  vessel.  If  the 
diameter  is  a yard,  the  surface  will  be 
about  14.^  feet;  consequently  the  pres- 
sure is  equal  to  lOJ  cubic  feet  of  water, 
or  nearly  six  hundred  weight. 

The  pressure  upon  a number  of  sur- 
faces IS,  in  like  manner,  equal  to  tlie 
pressure  of  a body  of  fluid,  found  by 
multiplying  the  whole  extent  of  tlie  sur- 
faces into  the  depth  of  their  common 
centre  of  gi  avily  below  the  surface  of 
the  fluid;  and  thus  the  finding  the 
pressure  is  in  every  case  reduced  to 
finding  the  centre  ofgravity. 

The  increase  of  pressure  in  propor- 
tion to  the  depth  of  the  fluid  proves 
the  necessity  of  making  the,  sides  of 
pipes  or  ma.s'oniy,  in  which  fluids  are  to 
be  contained,  stronger  the  deeper  they 
go ; and  shows  that  it  is  a superfluous 
expense  to  make  them  equally  thick 
and  strong  from  the  top  downwards. 
If  they  are  thick  enough  for  the  great 
pressure  Irelow,  tliey  will  he  thicker 
than  is  required  for  resisting  the  smaller 
pressure  above.  The  same  remark 
applies  to  floodgates,  dams,  and  banks. 
If  the  pipes  or  cylinders  placed  up- 
right  liave  the  same  bore  ail  llie 
w.ay  down,  their  walls  may  taper  from 
the  bottom  upwards,  provided  Uic 
thickness  has  been  ascertained  which 
is  sufficient  to  resist  the  jiressiire  at  the 
greatest  depth.  So  in  a dam  or  flood- 
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ftatc,  one  side  being  petpcndicvilar,  the 
other  niav  slant  towards  the  top.  In 
eonslructmg  a bank  of  a given  quan- 
tity of  materials,  against  whose  slop- 
ing side  the  water  presses,  it  is 
found  by  mathematical  reasoning,  that 
it  will  just  resist  the  water,  if  the 
square  of  its  thickness  at  the  base  (that 
is,  the  thickness  multiplied  by  itself)  is 
to  the  square  of  its  perpendicular  height, 
as  the  weight  of  a given  bulk  of  water, 
say  a cubic  foot,  is  to  the  weight  of  the 
same  bulk  of  the  material  the  bank  is 
made  of,  increased  by  twice  the  afore- 
said weight  of  the  given  bulk  of  water. 
Thus  if  the  bank  is  of  common  stone, 
which  is  2 times  heavier  than  water ; 
the  thickness  at  the  base  shoidd  be  to 
the  height  nearly  as  1 to  2.  Therefore 
a bank  of  3 feet  base  and  6 feet  height, 
will  answer  the  purpose.  If  the  bank 
6c  of  fir  timber,  which  is  little  more 
than  half  the  weight  of  water,  the  base 
being  a yard,  the  height  shoidd  be  about 
4 feel  9 inches.  These  proportions  cor- 
respond to  an  equilibrium  ; but  if  sta 
bility  be  tlie  object,  the  base  must  always 
nave  a greater  ratio  to  the  height  than 
is  here  assigned.  If  the  height  and 
thickness  be  to  each  other  as  10  to  7, 
stability  is  always  ensured,  whatever  be 
the  specific  gravity  of  the  materials. 

If  a fluid  presses  upon  a surface, 
there  is  a point  of  that  surface  at 
which  if  a force  be  applied  in  the 
same  line  with  the  pressure  of  the 
fluid,  and  equal  to  the  whole  of  that 
pressure,  but  in  a contrary  direction, 
if  will  exactly  balance  or  counteract  the 
whole  pressure  of  the  fluid ; and  this 
point  is  called  the  centre  nf  pre-mire. 
If  the  water  in  the  upper  part  of  the 
vessel  A O C D Q H F (}ig.  14.)  presses 
against  the  surface  BODE,  there  is  a 


point  1',  in  that  surface,  against  which, 
if  a force  be  applied  in  the  opposite 
direction  1’  .M,  and  equal  to  the  whole 
pressure  of  the  water  upon  BCD  E,  it 
will  support  BODE,  and  prevent  the 
pressure  from  turning  it  or  moving 


it  in  any  way.  It  is  here  supposed 
that  there  is  no  water  below  the  sur- 
face B C D E.  but  that,  if  unsupported, 
the  water  above  would  press  it  down. 
If  the  o|iposite  force  were  applied  to  any 
other  point  than  P,  the  centre  of  pres- 
siiiv,  the  water  would  make  the  surface 
tuni  round  upon  that  point. 

To  find  this  point  often  becomes  of 
great  importance.  It  may  be  the  best 
means  of  propping  a floodgate  or  other 
surface  from  behind  against  the  pressure 
of  water  upon  its  thee.  The  position  of 
the  point  varies  according  to  the  figure 
of  the  surface  and  its  depth  under  wa- 
ter. If  the  surface  is  a rectangle  of  any 
kind,  as  a square,  standing  upright,  and 
the  water  rises  to  its  iqiper  eilge,  the 
centre  of  pressure  is  two-thinls  down 
the  line,  thopped  perpendicularly  from 
the  middle  of  that  upper  edge.  If  the 
surface  is  a triangle,  whose  point  is  at 
the  surface  of  the  water,  the  centre  of 
pressure  is  three-fourths  down  the  per- 
pendicular dropped  from  the  point; 
and  if  both  sides  of  the  triangle  are 
equal,  the  centre  is  in  that  perpendi- 
cular. If  the  sides  are  unequal,  but  the 
triangle  is  rightangled  at  the  base,  the 
centre  of  pressure  is  three-fourths  dow  n 
the  perpendicular  side,  and  three- 
eighths  of  the  base  distant  from  that 
side. 

Tlius  if  A M (/ig.  15.)  is  the  surface 
of  the  water,  A C D M the  upright 


and  square  surface  against  which  the 
water  presses,  N,  the  miildle  point  of 
A M,  and  N L a pcrjieiidicnlar  from 
N to  the  base  of  the  surface,  N P being 
two-thirds  of  N L,  P is  the  centre  of 
pressure  uimn  ACDM.  IfA.SDlie 
a triangle,  and  A S equal  to  A 1),  q 
being  taken  at  three-fourths  down  A C, 
is  the  centre  of  pressure  on  the  tri- 
angle A S D.  IfACD  be  a triangle, 
rightangled  at  C,  A 7 being  three- 
fourths  of  A C,  and  7 u or  C 0 three- 
eighths  of  C D,  M is  the  centre  of  pres- 
sure upon  A C D.  Therefore,  if  a 
force  be  appHed  on  the  opposite  side  of 
A C D M at  P,  of  A S D at  7,  and  of 
A C D at  «,  equal  to  the  pressure  of  the 
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wnter  on  these  surfRCes  respectively,  and 
perpendicular  to  them,  the  whole  sur- 
face in  each  case  will  be  supported. 
Now  we  have  found  before  ttiat  the 
whole  pressure  upon  any  rectangular 
figure  upri^fht  in  the  water,  is  the  weii;lit 
of  a bulk  of  w ater  equal  to  llie  surface, 
multiplied  by  half  its  dejith  tH'low  water. 
kVe  can,  therefore,  sec  at  once  the  force 
reqiiire<l  to  balance  the  water,  and  the 
point  wliere  it  must  be  applied.  Multi- 
lily  tlic  tieijrht  of  the  surface  by  its 
nreadlh,  and  the  prorluct  by  lialf  the 
heiirlit,  (the  water  being  supposed  to 
stand  as  high  as  ttic  upper  edge  of 
the  surface ;)  ttien  apply  a force  or  a 
resistance  equal  to  this  weight  of  wn- 
ter, in  a horizontal  line  against  a point 
situated  two-thinis  down  tile  per- 
pendicular, from  the  luiitdle  point  of 
the  upper  ctlge  of  the  surface,  tlie 
whole  pressure  oftlie  water  w ill  be  ba- 
lanced. SnpiKise  the  height  and  breadth 
of  tlie  .sluice  or  floodgate  are  equal,  it 
being  a square  of  six  feet ; the  pressure 
on  it  will  be  108  cubic  feet  of  water,  or 
about  ttireetons.  Aforceoftliis  amount, 
then,  applied  on  tlie  back  of  the  sluice, 
in  the  middle  line,  and  four  feet  ti-um 
the  top,  will  be  sufiicient  to  counteract 
the  pressure  of  the  water,  without  any 
assistance  from  tiic  hinges  or  sides  of 
the  gate. 

The  strain  which  the  water  exerts 
upon  the  hinges  of  the  floodgate  is  tlie 

firessure  to  make  it  turn  round  on  its 
ower  side ; and  it  is  found  bv  multi- 
plying one-sixth  of  the  breadth  of  the 
gate  into  the  cube  of  the  height,  and 
taking  a bulk  of  water  equal  to  the  pro- 
duct. The  pressure  which  the  water  ex- 
erts to  open  the  gate,  or  make  it  move 
round  on  its  hinges,  is  found  by  multi- 
plying one-fourth  of  the  square  of  the 
Iieigtit  into  the  square  of  the  breadth, 
and  taking  a bulk  of  water  equal  to  the 
product.  The  proportions  of  these 
two  pressures  m.ay  therefore  be  easily 
found.  They  are  to  one  another  as 
one-sixth  of  the  breadth  multiplied  by 
the  cube  of  the  height,  to  one-fourth  of 
ttre  squares,  of  height  anil  breadth  mul- 
tiplied together ; tliat  is,  as  one-sixth  of 
tlie  height  to  one-fourth  of  the  breadth, 
or  as  twice  the  height  to  thrice  the 
breadth.  When,  therefore,  the  gate  is 
a square,  the  lieight  and  breaditi  being 
equal,  ttie  pressures  are  as  two  to 
three  ; and  the  same  gate  at  the  same 
time  has  half  as  much  more  force 
exerted  to  make  it  open  on  its  hinges, 
as  to  make  it  turn  over  on  its  base ; 


supposing  that  there  wtre  cither  no 
resistance  from  the  hinges,  or  that 
there  were  lunges  at  ttic  tiasc.  Tims, 
if  the  gate  is  a square  of  six  feet,  the 
pressure  to  turn  it  on  its  bottom  is 
one-sixth  of  Ig9(j  cubic  feet  of  water,  or 
21 C feet;  and  to  turn  it  on  its  hinge, 
one-fourth  of  12'J6,  or  32I  feet.  Tlierc- 
fore  llierc  will  tie  a force  of  six  tons 
pressing  it  round  on  its  iKitlom,  and 
nine  tons  pressing  it  open  on  its  tiinges. 


Cii.xPTBa  V 

Speci/tc  Gran'll/ — TAe  Hydrometer 
and  Areometer. 

Whk.v  a solid  body  is  plunged  in  any 
liquid,  it  must  displace  a quantity  of 
tliat  liquid  exactly  equal  to  its  own 
bulk.  Hence,  tip  measuring  the  bulk 
of  the  liquid  so  displaced,  we  cun  ascer- 
tain precisely  the  bulk  of  the  body ; for 
the  liquid  can  be  put  into  any  shape, 
as  that  of  culiieal  feet  or  inches,  tiy  be- 
ing poured  into  a vessel  of  that  sfiape, 
divided  into  equal  parts ; or  the  vessel 
in  which  tlie  IxKly  is  plunged  may  he  of 
that  shape,  and  so  divideit.  If  the 
width  of  the  vessel  is  four  inches  liy 
three,  or  twelve  square  inches,  and 
divided  on  the  upright  side  into  tweltlhs 
of  an  inch — when  a body  of  an  irre- 
gular shape,  as  a bit  of  rough  gold 
or  silver,  is  plunged  in  it,  every  di- 
vision that  the  water  rises  will  show 
that  one-twelfth  of  twelve  cubic  inches, 
or  one  cubic  inch  of  water,  has  been  dis- 
placed ; so  tliat  if  it  rises  two  divisions, 
the  body  contains  exactly  two  solid 
inches  of  metal.  And  this  is  by  far  the 
easiest  way  of  measuring  tlie  solid  con- 
tents of  irregular  bodies. 

When  a body  is  so  plunged,  it  w ill 
remain  in  whatever  place  of  tlie  fluid  if 
is  put  in,  if  it  be  of  the  same  weight 
with  the  fluid,  that  is.  if  the  bulk  of  the 
body  weighs  as  much  as  the  same  Inilk 
of  the  fluid ; for  in  tliis  case  it  will  be 
the  same  thing  as  if  the  fluid  were  not 
displaced  ; and  as  an  equal  quantity  of 
the  fluid  would  have  remained  at  "rest 
there,  being  equally  pressed  on  all 
sides,  so  will  the  solid  tiody : it  w ill 
be  pressed  from  below  with’  tiic  same 
weight  of  fluid  as  from  above.  Rut  if 
the  body  be  heavier  than  the  fluid,  bulk 
for  bulk,  tills  balance  will  be  destroyed, 
and  tlie  weigtit  of  the  fluid  pressing 
from  above,  will  be  greater  tlian  that 
pressing  from  below,  tiy  tlie  weiglit  of 
the  solid  body,  which  wUl  therefore 
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sink  to  the  bottom.  So  if  it  tio  lichtor 
than  an  pqual  tiulk  of  the  fluid,  it  will 
rise  through  the  fluid  to  tlie  surface. 
But  if  a solid,  heavier  than  the  fluid,  be 
jilunged  to  a depth  as  many  times 
(P'eater  than  its  thickness,  as  the  solid 
is  heavier  than  the  fluid,  and  there  jiro- 
tected  by  any  means  from  the  pressure 
of  the  fluid  above,  it  will  float,  notwith- 
standing its  weight,  because  the  pres- 
sure from  l>elow  being  in  proportion  to 
thedepth.will  counterbalance  the  weight 
of  the  body,  and  there  will  be  no  pres- 
sure from  above,  except  the  wei^t  of 
the  body.  Thus,  lead  is  somewhat  above 
eleven  times  heavier  than  water.  If  a 
cube  of  lead  be  placed  so  as  to  press 
closely  against  the  bottom  of  a wooden 
pipe  one  foot  srpiare,  closed  at  the  top, 
and  plunged  twelve  feet  deep,  and  held 
upright,  it  will  there  swim ; the  water 
pressing  it  upwards  with  a force  greater 
than  its  weight,  and  there  being  no 
pressure  from  the  water  downwards.  So 
if  a body  lighter  than  water,  as  cork,  be 
placisl  at  the  bottom  of  a vessel,  and 
so  smoothly  cut  that  no  water  gets  bc- 
tvveen  its  lower  surface  and  the  surface 
of  the  bottom,  it  will  not  rise,  but  re- 
main fixed  there,  because  it  is  pressed 
downwards  by  the  water  from  above, 
and  there  is  no  pressure  from  below 
to  counterbalance  that  fiom  alxive. 

It  follows  from  these  principles,  that 
if  any  body  be  weighed  in  the  air,  and 
then  weighed  in  any  liquid,  it  will  seem 
to  lose  as  much  as  an  eqnal  bulk  of  the 
liquid  weighs.  Not  that  the  body 
really  loses  its  weight,  but  that  it  is 
pressed  upwards  by  a force  equal  to 
the  weight  of  the  liquid  the  place  of 
which  it  fills.  Thus,  if  a piece  of  lead 
weigh  an  ounce  before  being  plunged 
in  water,  that  is,  requires  an  ounce 
weight  on  the  opposite  scale  to  balance 
it ; if  you  hang  it  by  a thread  fiom  its 
own  scidc,  and  let  it  be  plunged  so  that 
the  water  in  a full  jar  covers  it,  a quan- 
tity of  water  equal  to  the  bulk  of  the 
lead  will  run  over  the  sides  of  the  jar, 
and  a iiumlrer  of  grains  equal  to  the 
weight  of  this  quantity  of  water  must 
he  taken  out  of  the  opposite  scale,  to 
restore  the  balance  ; for  the  lead  is  now 
pressed  downwards  in  the  water  with  a 
force  not  equal  to  its  own  weight,  but 
to  the  difference  between  its  own  w eight 
and  that  of  an  equal  bulk  of  the  water. 
And  in  this  manner  we  can  determine 
the  relative  weights  of  all  bodies,  or  the 
proportion  which  they  bear  to  each 
other  in  w eight ; which  is  called  their 


specific  gravity : that  is,  their  weight 
in  kind,  and  sometimes  their  relatire 
gravity,  that  is,  their  weight  compared 
with  the  weight  of  other  bodies.  By 
weighing  a known  bulk,  as  a cubic 
foot  or  a cubic  inch  of  any  two 
substances,  we  can  find  their  specific 
gravity;  or  their  gravity  as  com- 
pared with  each  other:  if,  for  in- 
stance, we  found  a cubic  inch  of  iron 
weighed  1948  grains,  and  a cubic  inch 
of  lead  28S8,  we  should  say,  that  the 
specific  gravities  of  tlie  two  substances 
were  in  the  proportion  of  3 to  4 j 
nearly ; and  so  we  might  find  the  spe- 
cific gravity  of  a solid  substance,  as 
compared  with  that  of  a liquid,  by 
weighing  an  equal  bulk  of  eacm.  But 
this  operation  is  extremely  difficult,  be- 
cause it  requires  the  substances  com- 
pared to  be  fashioned  accurately  into 
the  same  shape  and  size ; and  when  we 
are  not  allowed  to  change  their  figure, 
the  comparison  cannot  be  made  at  all. 
Thus  we  could  not  ascertain  the  .spe- 
cific gravity  of  pfecious  stones,  ciys- 
tals,  metallic  ores,  or  animal  and  vege- 
table substances,  without  in  etfect 
destroying  them.  But  the  Hydrmtatic 
Balance,  upon  the  principles  now  ex- 
plained, affords  a perfectly  easy  and 
most  accurate  method  of  comparing  all 
substances,  solid  and  fluid.  We  have 
only  to  weigh  any  substance  first  in  air, 
and  then  in  water ; the  difference  of  the 
weights  is  the  weight  of  a bulk  of  water 
equal  to  the  hulk  of  the  substance  ; and 
by  comparing  any  other  substance  with 
water,  in  like  manner,  we  ascertain  its 
specific  gravity,  ns  compared  with  that 
of  the  fiist  substance.  And  this  opera- 
tion may  be  performed  with  substances 
lighter  than  water,  either  by  fixing 
them  to  a stiff  pin,  attached  to  the 
bottom  of  tlie  scale,  taking  care  to  trim 
the  balance  before  the  pm  is  plunged 
into  the  water ; or  by  loading  the  sub- 
stance with  a known  weight  of  some- 
thing heavier  than  water,  and  making 
an  allowance  for  the  load's  difference  of 
weight  in  air  and  water. 

It  is  evident  also  that  the  same  prin- 
ciple enables  us  to  ascertain  the  spe- 
cific gravities  of  different  fluids,  ror 
if  the  same  substance  be  weighed  in 
two  fluids,  the  weight  which  it  loses 
in  each  is  ns  the  specific  gravity  of  that 
fluid.  Thus  a cubic  inch  of  lead  loses 
253  grains  when  weighcii  in  water,  and 
only  209  grains  when  weighed  in  recti- 
lietl  spirits;  therefore  a cubic  inch  of 
rectified  spirit  wtiglrs  209  grams,  an 
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equal  bulk  of  vrater  weighing  2r>.1 ; and 
so  the  specific  gravity  of  the  water  is 
about  a fourth  greater  than  that  of 
the  spirit. 

Upon  this  principle  the  Hydrometer 
is  constructed : its  name  is  derived  from 
two  Greek  words  signifying  measure  of 
tcater.  There  are  various  kinds  of  hy- 
drometers. One  is  a glass  or  copper 
ban  with  a stem,  on  which  is  markisl 
a scale  of  equal  parts  or  degrees.  The 
point  to  which  the  stem  sinks  in  any 
liquid  being  ascertained,  and  marked 
on  this  scale,  we  can  tell  how  many 
degrees  any  other  liquid  is  heavier  or 
lighter,  by  observing  the  point  to  which 
the  stem  sinks  in  it.  Another  and 
a very  simple  Hydrometer  is  formed 
by  prt^aring  a number  of  hoUow  glass 
beads  of  different  weights,  but  the 
proportions  of  which  are  known,  and 
the  beads  marked  accordingly;  they  are 
Uien  successively  dropped  in  the  fluid  to 
be  examined,  until  one  is  found  which 
neither  sinks  nor  comes  up  to  the  sur- 
face, but  remains  at  rest,  wherever  it  is 
placed  in  the  lic^uid.  You  thus  ascer- 
tain that  the  liquid  is  ofthe  same  speci- 
fic gravity  with  this  bead.  If  the  same 
bead  be  dropt  into  another  liquid,  and 
sinks,  that  liquid  must  be  lighter  than 
the  first;  if  the  bead  comes  to  the  top, 
the  second  liquid  is  heavier  than  the 
first ; and  by  trying  the  liquid  with  the 
other  beads  until  one  is  found  which 
neither  sinks  nor  floats,  you  ascertain 
the  relative  weight  of  the  liquid  by  the 
number  of  the  bead. 

A Hydrometer  of 
great  delieacy  and  pe- 
culiarly useful  for  mea- 
suring the  specific  gra- 
vity of  d ifi'erent  wat  ers. 
and  thereby  ascertain- 
ingtheir  degrees  of  pu- 
rity, consist  s ofa  ball  of 
glass  three  inches  dia- 
meter, with  another  >' 
joining  it  and  ojiening  W- 
into  it,  of  one  inch  di- 
ameter, 

16.: 
into  ' 

a wire  ao,  about  ten 
inches  long  and  I -4  Uth 
of  an  inch  diameter. 
divUled  into  inches  and 
tenths  of  an  inch. 

The  whole  weight  of 
this  instrument  is4000 
grs.  when  loaded  with 
shot  in  the  lower  ball. 


meter,  B and  C.  (yfg.  | 
6.)  and  a bras.s  neck  d, 
ito  which  is  screwed 


It  is  found  that  when  plunged  into  water 
in  the  jar,  a grain  laid  upon  the  top 
a makes  it  sink  one  inch  ; therefore 
a tenth  of  a grain  sinks  it  a tenth  of  an 
inch.  Now  it  w ill  stand  in  one  kind 
of  water  a tenth  of  an  inch  lowci  than 
in  another,  which  shows  that  a bulk,  of 
one  kind  of  water  equal  to  tlie  bulk  of 
the  instrument  weighs  one-tenth  of  a 
grain  less  than  an  equal  bulk  of  the 
other  kind  of  water ; so  that  a ditfer- 
enee  in  specific  gravity  of  one  part  in 
forty  thousand  is  thus  detected.  This 
weight  of  4000  grs.  is  convenient  for 
comparing  water ; but  the  quantity  of 
shot  in  the  lower  ball  may  be  varied, 
so  as  to  make  it  lighter  or  neavier,  and 
so  adapt  it  to  measure  the  sTH-eific  gra- 
vities of  lighter  or  heavier  liquids.  It 
will  always  be  an  accurate  and  very 
delicate  measure  for  liquids  of  nearly 
the  same  weight.  Indeed  its  delicacy 
b so  great,  that  an  impurity  too  slight 
to  be  detected  by  any  ordinary  test,  or 
by  the  taste,  will  be  discovered  by  this 
instrument. 

The  Areometer  invented  by  M.  Dc 
Parcieux  of  Paris,  and  so  named  fi-om 
two  Greek  words,  signifying  measure  of 
weight,  is  more  simple  and  atfonls  a very 
accurate  comparison  of  different  liquids. 
It  is  only  a different  form  of  the  in- 
strument just  described.  A glass  phial, 
about  two  inches  or  two  inches  and  a 
half  in  diameter,  and  seven  or  eight 
long,  with  a plane  or  round  bottom,  is 
corked  tight,  and  into  the  cork  is  fixeil 
a perfectly  straight  wire  of  about  I - 1 2th 
inch  diameter,  and  thirty  inches  long. 
The  phial  is  loaded  with  shot,  so  ns  to 
make  it  sink  in  the  heaviest  liquid  to 
be  examined,  leaving  the  wire  just 
below  the  surface.  Tliere  is  a cylinder 
of  glass,  about  three  or  three  and  a 
half  inches  diameter,  and  tlu-ec  or  four 
feet  long,  with  a scale  of  equal  parts 
on  the  side.  The  liquor  to  be  tried  is 
put  in  this;  and  the  scale  miu’ks  the 
point  to  which  the  top  of  the  wire  sinks. 
This  instniment  is  so  sensible,  that  if  it 
stands  at  any  point  in  water  of  the 
common  temperature,  and  the  sun's 
rays  ftli  upon  the  water,  the  wire  will 
sink  several  inches,  from  the  slight  in- 
crease of  heat  causing  an  increase  of 
bulk,  and  consequently  a diminution  of 
relative  weight  in  the  water ; and  it  will 
rise  again  when  carried  into  the  shade. 
A pinch  of  salt  or  sugar  thrown  in 
makes  it  rise  some  inches,  and  a little 
spirits  poured  in  makes  it  sink.  Wilh 
one  of  these  instruments,  weighing 
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somewhat  less  than  twenty-four  ounces, 
and  plunged  in  water,  there  is  a fall  or 
rise  of  above  half  an  inch  for  evciy 
l-17424th  part  of  the  water  displaced  ; 
so  tliat  a difference  of  tlie  hundred- 
•housandth  paid  is  easily  perceived. 

The  principal  use  of  the  Ilydi  ometer 
is  to  ascertain  the  specific  gravity  of 
spirits,  and  to  detect  adulteration  or 
mixture  of  water  with  it.  But  it  is 
equally  applicable  to  find  the  specific 
gravity  of  any  other  fluids.  Ttius  milk 
is  about  1-31  part  heavier  than  water; 
and  therefore  the  instrument  will  easily 
shew  if  water  has  been  mixed  with 
it.  Accordingly,  in  Switrerland  and 
the  N Orth  of  Italy,  where  the  pe.a.saiits 
all  bring  their  milk  every  evening  to  a 
common  dairy,  and  having  it  measured 
each  time,  are  allowed  a portion  of 
cheese  at  the  end  of  the  season,  ac- 
cording to  the  quantity  of  the  milk 
carritsl  in  the  books  to  the  credit  of 
their  account,  a Hydrometer  is  used  to 
detect  any  mixture  of  water,  which 
would  make  the  milk  lighter. 

By  means  of  the  same  kind  we  can 
ascertain  tlie  adulteration  of  solid  sub- 
stances, as  metals,  mixed  with  others 
of  different  specific  gravity.  An  in- 
strument upon  this  principle  was 
constructed  by  Mr.  Bradford,  calcu- 
lated to  shew  how  much  alloy  there 
was  in  tire  gold  coin,  and  also  whe- 
tlier  that  alloy  was  silver  or  a lighter 
metal. 

The  proposition  which  forms  the 
foundation  of  this  branch  of  Hydro- 
statics, that  a solid  plunged  in  a fluid 
displaces  a quantity  of  the  fluid  equal 
to  its  hulk,  was  discovered  by  Archime- 
des, one  of  the  gi  eatest  mathematicians 
of  ancient  times,  in  consequence  of 
Tliero,  king  of  Syracuse,  his  friend  and 
patron,  and  himself  an  eminent  philo- 
sopher, and,  it  needs  hardly  be  added, 
a virtuous  and  patriotic  prince,  h.aving 
set  him  a prolilem  to  solve  upon  the 
adulteration  of  metals.  Hicro  had 
given  a certain  quantity  of  gold  to  an 
artist  to  make  into  a crown,  and  sus- 
jiectiiig,  from  the  lightness  of  the  crown, 
that  sonic  silver  had  been  used  in  mak- 
ing it,  he  begged  Archimedes  to  inves- 
tigate the  matter.  It  is  said  that  while 
this  great  man  was  intent  upon  Oie 
question,  ho  chanced  to  observe,  in 
battling,  the  water  which  ran  over 
the  sides  of  the  bath ; and  immediately 
perceiving  that,  as  the  water  was 
equal  to  the  bulk  of  his  Ixidy,  this 
would  furnish  him  with  the  means 


of  detecting  the  adulteration,  by  trying 
how  much  water  a certain  weigtit  of 
silver  displaced,  how  much  a certain 
weight  of  gold,  and  how  much  a certain 
mixture  of  the  two,  he  rushes!  out 
of  the  chamber,  exclaiming,  “ I have 
found  it ! 1 hat^e  found  it  t ” 

But  no  test  of  tliis  kind  can  ever  be 
accurate  either  witli  respect  to  solids  or 
liquids,  unlcsswe  have  previously  ascer- 
tained by  experiment  that  Uie  substances 
mixed  do  not  enter  into  such  a che- 
mical union  as  alters  their  internal 
structure  ; for  in  many  cases  this  takes 
place,  and  the  specific  gravity  of  the 
parts  in  composition  is  thus  different 
from  their  specific  gravity  when  sepa- 
rate. A piece  of  gold,  in  which  there 
shovdd  be  a hollow  space  filled  with 
silver,  could,  by  the  process  of  weighing 
in  water,  be  accurately  proved  ; for  we 
should  thus  ascertain  that  a given  bulk 
fell  short  of  the  requisite  weight  by  a 
certain  quantity.  But  if  the  two  me- 
tals were  melted  together,  and  che- 
mically united,  they  might  very  pos- 
sibly form  such  a compound  as  should 
have  its  specific  gravity  greater  or  less 
than  the  medium  of  the  specific  gravi 
ties  of  the  gold  and  silver ; and  so  oj 
fluids.  Before,  therefore,  tlie  Hydrosta 
tic  Balance  or  the  Hydrometer  can  be 
relied  on  as  proofs  of  admixture,  trials 
must  be  made  with  the  simple  sub- 
stances, and  their  compounds  in  known 
proportions ; and  the  effects  of  the  mix- 
ture being  thus  ascertained  in  these  cases, 
the  weight  becomes  an  accurate  test  of 
the  degree  of  adulteration  ; because 
we  have  leomt  what  allowance  to  make 
for  the  effects  of  chemical  combination. 

But  there  is  one  circumstance  which 
must,  in  all  trials  for  ascertaining  spe- 
cific gravity,  be  taken  into  the  account ; 
and  that  is,  the  Heat  or  temperature  of 
the  substances  at  the  time  of  the  expe- 
riment. Tlie  effect  of  heat  is  to  in- 
crease the  bulk  of  all  bodies ; conse- 
quently to  make  them  specifically 
lighter,  by  making  the  same  quaiitily 
of  matter  fill  a larger  space;  and  ditfci- 
ent  substances  arc  expanded  inditl'ereiit 
degrees  by  it.  Thus  water,  when  heatevl 
from  GO  degrees  of  Fahreftheifs  ther- 
mometer to  100,  is  incre.ascd  in  bulk 
l-167tb  part,  mercury  not  above  1-2-13  ; 
consequently,  a cubic  inch  of  water 
weighs  about  a grain  and  a half  lighter 
(the  I )7th  part  of  253,  the  weight  of 
the  cubic  inch,  whan  of  the  ordinary 
heat  of  GO  degrees).  A cubic  inch  of 
mercury,  equally  heated,  weighs  14  grs. 


HYDROSTATICS, 


17 


less,  which  bears  a considerably  smaller 
proportion  to  its  former  weiirht  of  34 IS 
grs.  The  comparative  trials  are  gene- 
rally made  at  a temperature  of  6U,  at 
which  rain-water  weighs  lOOU  ounces 
avoirdupois,  or  62i  pounds,  by  the 
cubic  foot,  or  253  grs.  by  the  cubic  inch. 
Spirits  expand  and  become  lighter 
by  means  of  heat,  in  a greater  pro- 
portion ; consequently  they  are  heaviest 
m winter.  A cubic  inch  of  brandy  has 
been  found  by  many  trials  to  weigh  1 0 
grs.  more  in  winter  than  in  summer, 
tile  difference  being  lietween  4 drs.  32 
grs.  and  4 drs.  42  grs.  Of  this,  liquor- 
merchants  are  often  found  to  take  ad- 
vantage, making  their  purchases  in 
winter  rather  than  in  summer,  beeause 
they  get  in  reality  a greater  quantity 
in  the  same  bulk,  buying  by  measure. 

If  twu  liquids  of 
different  specific 
gravities  are  poured  _ 
mto  a bent  tube,  |[|n 
so  as  to  meet  at  the 
iKittom  or  middle 
point,  they  will  lia- 
lance  each  other, 
and  each  keep  its 
own  side  ofthetubc, 
if  they  are  in  height 
inversely  as  their 
specific  gravity ; the 
heaviest  being  the 
lowest.  Thus  mer- 
cury, being  thirteen 
times  and  a half 
heavier  than  water, 
if  you  pour  in  so 
much  mercury  as 
will  stand  2 in.  bigh, 
and  so  much  water 
as  will  stand  27, 
they  will  balance 
eacli  other.and  meet 
at  the  bottom ; thus, 
in  the  tube  A 13,  j 
(Jg.  18.)  D I being  B 
tbe  mercuiy,  and 
E I the  water,  and 
C the  middle  point, 
if  E G,  the  per- 
pendicular from  the  surface  of  the 
water  to  the  level  at  G is  thirteen 
and  a half  times  D F,  the  perpendi- 
cular from  tlie  surface  of  the  mercury 
to  the  horizontal  line  F G,  passing 
through  the  contiguous  surfaces  of  the 
water  and  mercury,  the  water  will  ba- 
lance the  mercuiy.  Nor  will  this  dc- 
jiend  at  all  upon  the  figure  of  the 


tube,  or  the  quantity  of  the  two 
fluids:  for  whatever  be  the  sh.ape  or 
inclination  of  the  branches  A C and 
B C,  the  balance  will  be  kept,  pro- 
vided tile  heights  E G and  F I)  are  in 
the  same  proportion.  Tlius,  the  part 
£ C K in  the  tube  A C D,  (Jig.  1 9.) 


may  contain  as  much  or  more  mer- 
cury than  K F does  water ; still  the 
water  will  balance  the  mercury,  the 
height  F H of  its  suiTacc  being  thirteen 
times  and  a half  the  height  E G of  the 
mercury.  Nor  is  it  at  all  necessary 
that  the  branches  of  the  tube  should 
be  of  the  same  bore ; for  the  one  with 
tlic  mercury  (fig.  20.)  may  be  much 
wider  than  the  one  witli  the  water; 


and  the  smaller  weight  of  water  will 
balance  the  greater  weight  of  mer- 
cury, provided  the  water  stand  thirteen 
times  and  a half  higher  than  the  mer- 
cury. But  if  the  tube  has  both  bi-anches 
perpendicular,  an  easy  method  is  fur- 
nished of  comparing  the  specific  gr  a- 
vity of  liquids.  We  have  ^fig.  21. 
only  to  divide  the  upright* 
branches  into  equal  parts, 
and  observe  at  what  height 
above  the  common  level 
the  two  fluids  stand  in  4 
them  when  they  are  ba- 
lanced (fg.2\ .) ; their  spe- 
cific gravities  are  inversely 
as  the  heights : if  oil,  for 
instance,  stands  at  10  in  one  branch, 
while  water  stands  at  nine  in  the  other, 
we  infer  that  the  specific  gravity  of  the 
o 
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oil  u to  that  of  the  water  as  nine  to 
ten. 

If  there  are  various  liquids  of  differ* 
cnt  specific  gravities,  and  which  do 
not  mix  together,  all  poured  into  the 
same  vessel,  they  will  arrange  them- 
selves so  that  the  heaviest  will  make 
a layer  at  the  bottom,  then  tlie  next 
heaviest,  and  then  the  next  heaviest; 
and  they  will  all  lie  parallel  and  level. 
Thus  if  mercury,  olive  oil,  and  water, 
be  poured  together,  there  will  be  a 
layer  of  mercury  at  the  bottom,  then 
one  of  water,  and  then  one  of  oil,  and 
a fourth  may  be  formed  above  the  oil 
by  pouring  spirit  of  wine  upon  it.  The 
pressure  of  the  whole  upon  tlie  bottom 
will  in  this  case  be  equal  to  the  sur- 
face of  the  boltom  multiplied,  by  the 
sura  of  the  products  of  each  layer’s 
depth  into  its  specific  gravity. 

If  the  lighter  fluid  be  poured  in 
first,  and  then  the  heavier,  the  lighter 
will  rise  through  it  and  float  on  the 
top ; and  if  any  thing  be  done  to  alter 
the  weight  of  the  lower  layer,  it  will 
rise  tlirough  the  upper  one.  Thus, 
while  the  oil  is  floating  on  the  water, 
if.  by  heating  the  bottom  of  the  vessel 
you  heat  the  water,  it  becomes  lighter 
and  rises  tlirough  the  oil,  until  the  oil 
too  gets  heated,  when  it  rises  through 
the  water.  So  when  a vessel  containing 
any  liquid  is  placed  on  the  fire,  tlie 

fiarts  of  the  liquid  next  the  fire  get 
leatcd,  and  rise  up  through  the  colder 
parts  which  are  heavier:  and  this  is 
found  to  be  Uie  principal  manner  of 
communicating  heat  to  all  the  parts  of 
a liquid ; for  if  the  heat  is  applied  at 
the  top,  it  can  only  wiOi  great  diffi- 
culty be  conducted  through  the  liquid 
either  sideways  or  downwards ; but  when 
applied  below,  the  parts  as  they  are 
heated  become  enlarged  and  lighter: 
they  rise  up  to  the  top,  and  they  heat 
the  others  m their  progress,  while  those 
others,  being  still  somewhat  heavier, 
sink  down  and  are  heated  flilly  in  their 
turn.  By  degrees  the  whole  liquid  gets 
so  hot  that  the  parts  next  the  bottom 
are  converted  into  steam  or  viyour, 
which  rises  through  the  rest  of  the 
liquid  in  bubbles  to  the  top,  and  there 
flics  off  fill  the  whole  liquid  is  evapo- 
rated. This  is  the  common  process  of 
Boiling. 

When  a solid  body  floats  in  a liquid, 
its  weight  is  equal  to  the  weight  of  li- 
quid which  the  body  displaces : but  in 
order  that  it  may  float  at  rest,  and  not 


roll  round,  its  centre  of  gravity  must 
be  in  the  perpendicular,  which  runs 
through  the  centre  of  gravity  of  the 
part  of  the  liquid  displaced  by  it ; for 
the  pressure  upwards  of  the  liquid  is  in 
this  line,  and  unless  that  pressure  is  in 
a direction  running  through  the  body's 
centre  of  gravity,  it  cannot  support  the 
centre,  and  when  the  centre  is  not  sup- 
ported, the  body  is  not  at  rest,  but  must 
fall ; or  if  the  centre  is  kept  up  by  the 
fluid,  the  body  must  still  turn  round 
when  the  upward  pressure  bears  on  some 
other  part  of  it.  When  the  line  which 
joins  the  centre  of  gravity  of  the  whole 
body  and  the  centre  of  gravity  of  the 
part  under  water,  is  perpendicular  to  the 
surface  of  the  water,  the  body  will  float 
at  rest  in  the  water.  In  order,  there- 
fore, to  make  a body  of  any  figure  float 
steadily,  and,  as  it  were,  balance  itself 
in  the  water,  with  a certain  proportion 
of  its  bulk  under  water,  the  depth  to 
which  it  must  be  sunk  must  be  ascer- 
tained by  the  proportion  of  its  specific 
gravity  to  that  of  the  water,  and  the  posi- 
tion must  be  ascertained  by  making  the 
centre  of  gravity  of  the  whole  body  and 
the  part  imder  water  be  in  the  plumb-line 
or  Ime  perpendicular  to  the  upper  sur- 
face of  the  water. 


CHAfTSB  VI. 

Specific  Oravitiei  of  Bodie*. 

By  experiments  with  hydrostatic  ba- 
lances, and  with  hydrometers  of  differ- 
ent kinds,  the  comparative  gravities  of 
bodies  have  been  ascertained  with  great 
nicety.  The  following  Table  exhibits 
in  one  connected  view  the  results  of 
those  trials,  collected  from  a great 
variety  of  sources,  and  reduced  to  one 
common  measure. 

In  consulting  it,  this  may  further  be 
borne  in  mind : that  water  is  taken  as 
the  unit  for  solids  and  Imui^  ; atmos- 
pheric air  for  gases.  Inus  water  is 
1.000;  mercury,  at  the  common  tem- 
perature, 13.58;  whence  we  conclude, 
that  mercury  is  between  13  and  14  times 
heavier  than  water.  So  common  air 
is  1. 000;  chlorine  (or  oxymuriatic  acid) 
2.500 ; and  hydrogen  0.069.  Whence 
we  conclude,  that  cldorine  is  two  and  a 
half  times  heavier,  and  hydrogen  be- 
tween fourteen  and  fifteen  times  lighter 
than  common  air.  Again:  one  cubic 
foot  of  water  weighs  1000  ounces; 
therefore  all  the  numbers  in  the 
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Table  fbr  solids  and  liquids  repre-  cubic  foot  of  any  other  kind  of  gas,  it 
sent  the  absolute  weight  of  a cubic  is  necessary  merely  to  observe  its  specie 
foot  of  each;  if  we  remove  the  deci-  fic  gravity  in  relation  to  that  of  com- 
mal  point,  and  add  a cypher  where  mon  air;  for  instance,  chlorine  has  a 
there  are  onW  two  decimus  — thus  a specific  ^avify  = 2.5:  hence  a cubic  foot 
cubic  foot  of  mercury  weighs  13580  of  chlorine  will  weigh  2.5  times  as  much 
ounces  and  a cubic  foot  ol  bar-iron  as  the  same  bulk  m common  air ; thus 
7788  ounces.  527.04  x 2.5  ==  1317.60  grs.  the  weight 

To  ascertain,  in  like  manner,  the  ab-  of  a cubic  foot  of  chlorine, 
solute  weight  of  the  gases,  we  have  If  we  wish  to  know  the  weight  of  a 
only  to  observe  that  1 00  cubic  inches  cubic  foot  of  any  gas  lighter  than  com- 
of  common  air  weigh  30.50grs.;  and  mon  air,  we  also  compare  their  spccifie 
as  there  are  1 728  cubic  inches  in  a gravities.  Thus  the  specific  gravity  of 
cubic  foot,  the  simple  method  of  calcu-  ammoniacal  gas  is  0.5,  and  that  of 
lation  will  stand  thus: — As  100 : 30.50  atmospheric  arrbeing=1 ; then  1728-1-2 
grs.  : : 1 728  : 527.04  grs.,  the  weight  of  =864  grs.  will  be  the  weight  of  a cubic 
a cubic  foot  of  common  air.  foot  of  ammoniacal  gas.  And  so  on 

In  order  to  ascertain  tlie  weight  of  a for  all  other  gaseous  bodies. 


: ABLB  OF  SPBCiriC  OKATITIIS. 

Add,  Aoeti«  ■ . l.oes  Canidiiiii,  ipeeUed  . 9.613  Chue«,CftrinrtttadH]nlras*s 0.979 

Arsenio  . « 3.391  Ch*le«Uon]r,  OQauaoa,  from  CUoriM  • 9.600 

Arsrotoiu  . « . 3.798  1.800  to  9.65  CUorooftrboao«s  Acid  3.479 

Bcnxoie  7 « 0.667  Chalk.  • from  9.959  to  9.857  CUoropnusie  Ae»d  9.159 

Boracic,  eryiUUitcd  1.479  Chrysolite  . . 8.400  Cyaaofn  . • 1.806 

Do.  foekl  • 1.803  ChrystalUneLeatof  the Kye  1.100  Euchlorint  • 9.440 

Citrio  • % 1.034  Cinnabar,  from  Almaden  8.909  FiuoboricAeid  . 9.S71 

Formic  « . 1.116  Coale  . from  1.090  to  1.300  Flaoeilicie  Acid  . 9.639 

Fluorie  . • 1.060  Copal  , 1.045  Hydriodie  Acid  , 4.840 

Molybdio  • . 3.460  Coral,  red  from  9.830  to  9.857  Hydrofcn  • 0.069 

Mnnatio  « • 1.900  whita  from  9.540  to  9.570  MvriatieAeid  . 1.984 

Nitric  . . 1.971  Conaadum  • . 8.710  Nitric  Oaide  . 1.041 

Do. hifhlyco&eentrated  1.683  Cyder  . 1.018  Nitrogen  . 0.972 

Phosphoric, liquid  1.568  Diaoioad,orieDtal,eolourleu  3.591  Nitrooa  Acid  • 9.638 

Do.  solid  • 9.800  Do.  coloured  Tarictics,  from  Nitrous  Oxide  . I.597 

Sulpburio  • 1.850  3.583  to  3.550  Oxygen  . . l.Ui 

Agate  . s 9.590  Do.  Brazilian  . • 6.444  Phoephuretted  Hydro* 

Alcohol,  aheolnte  . 0.797  Do.  coloured  TXrieties,  from  gen  . . 0.909 

Do.  highly  reetified  . 0.809  3.518  to  8.660  Preeala  Add  0.9CJ7 

Do.  of  commerce  . 0.835  Dolomite  . from  9.540  to  9.830  8ub*esrbaiuUed  Hy* 

Alum  . . • 1.714  j Dragon's  Blood  (a  reaia)  1.904  drogea  • . 0.656 

Amber  . from  1.066  to  1.100  Ether,  Acelie  . 0.866  Sub  • pbosphuretted 

Ambergris  from  0.780  to  0.996  Muriatic  • 0.799  ditto  • 0.972 

Amethyst,  common  . 9.750  Nitric  . • 0.908  Sulphuretted  do.  1.189 

orieutal  . 3.391  Sulphuiio  . from  8nl{Aurous  Acid  9.992 

Amiaothus  from  1,000  to  9.313  0.639  to  0.775  01aai»  crown  • • 9.530 

Ammonia,  aquecus  , 0.875  Emerald  . from  9.600  to  9.770  green  . • 9.842 

Arragonite  , 9.900  Euelase  . from  9. 900  to  3.300  flint  • from  9.760  to  3. OoO 

Asure-etone  . • 9.850  FatofBaef  • • 0.993  plate  . 9.619 

Barytes,  Sulphate  of,  from  Hogs  . • 0.936  Granite  • from  9.813  Co  9.950 

4.000  to  4.865  Hutton  • 0.993  Own  nrabie  • . 1.459 

Do.  Carbonnte of, from  Veal.  . 0.934  cherry-tree  . . 1.481 

4.100  to  4.600  Felspar  from  9.438  to  9.700  Gunpowder,  loose  • 0.838 

Bmaltee  . from 9.491  to  3.000  Flint. black  . 9.589  shaken  . 0.932 

Beryl,  oriental  . 3.549  Gamboge  . 1.999  solid  . . 1.74^ 

D^  oocidental  • 7 9. 793  Garnet, precious,  from 4.000  Gypsum, eompact, from  1.879 

Blood,  human  . 1.053  to  4.930  to  9.986 

Do.  craasamesktum  of  « 1.945  Garnet,  common,  from  3.676  erystaUised,  frMi 

Do.  serumof  . . 1.030  to  3.700  9.811  to  8.000 

Borax  , . I.714  Gases,->Atmospherie  Air  « l.OOO  Heliotrope,  or  Bloodstone 

Butter  . , 0.949  Ammoniacal  . 0.590  from  9 699  to  9 700 

Camphor  • . 0.988  CarbonieAcid  . 1.53?  Honey  • * 1 ISO 

i^KNitelKme,  or  India  rubber  0.933  Carbonic  Oxide  0.979  Hoaeystoue,  or MeUite.  from 

1.560  to  1.066 

c2 
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Konibl«ft4i^  coamoo,  from 

3.S50  10  3.d30 
basaltic,  from 

3. 160  to  3.333 
from  3.533  (o  8.610 
from  4.000  to  4.780 
from  8.358  to  8.816 
. . 1.300 

. 1.009 

S.881 
3.673 
l.Ul 
1.885 
9.89t 
0.947 


Korn  3 tone 
Hyaciatb 
Jaaper 
Jet  . 

Indigo  . 

ironstone  from  Canon  . 

Do.  Taacasbira 
Isinglass  • • • 

lYory  . . 

Lapis  Ncphrilicus 
Lard  . 

Lc.od.  nianrc  or  Galena  from 
Derbyshire,  from  6.S65  to  7*786 
Limestone,  cotnpnet,  from 

8.386  to  3.000 
Magnesia,  natire,  Hydrate  of  3.330 
Do.  Carbonate  of. 

from  8.830  to  9.618 
Malachite,  compact,  from 

3.573  to  3.994 
Marble,  Carrara  . 8.716 

white  Italian  , 8.70? 

Hack  reined  . 8.704 

Parian  . * 3.560 

Mastic,  (a  resin)  . . 1.074 

MeUaiic,  or  black  Garnet, 

from 3.691  to  3.800 
Metals,  Antiirwny  . 6.708 

Arsenic  • 6.763 

Bismtith  . . 9.880 

Brass,  from  7*834  to  8.396 


Cadmium  . . 

Chromium  , 
Cobalt  , , 

Columbiorn  , 

Cupper  . , 

Gold,  east  • 

Do.  hammered 
I ridmni . hammered 


8.600 

6.900 
8.600 
5.600 

8.900 
19.86 
19.36 
93.00 


Iron,  cast  at  Carron  7*348 
Do.  baishardened,  or 
not  . . 7*788 

Lead  . • 11.35 

Manganese  . 6.000 

Merenry,  solid,,  3*  be* 
lowOofFahr.  . 15.61 
Do.  at  330  of  Fahr.  13.61 
Do.  at  GO®  of  Fahr. 

Do.  at  2lS»of  Fahr. 
Molybdenum  • 

Hickel,  cast  • 
forged  . 

Osmium  and  Rhodium, 
alloy  of  . , 19.50 

Palladium  • 11.80 

Platinum  . . 81,47' 

Potassium  at  59®Fab.0.865 
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hletals.  Steel,  bardenod  • 7*840 
tempered  aad 
hanleaed  7*818 
Tellurium.  from5.700 

t«  6.115 

Tin,  Cornish  • 

Do.  hardened 
Tungsten  . • 

Uranium  . 

Zinc 


7.291 
7.S99 
17.40 
9.000 

from  6.900  to  7*191 
Mica  . . from  8.650  to  8.9.34 

Milk  . . . 1.033, 

hliseral  Pitch,  or  Asphaltura, 

from  0.9U5  to  1.650 

hlineral  Tallow  . . 0 770 

Myrrh  (a  resin)  . 1.360 

Naphtha  . from  0.700  to  0.847 
Nitre  . . 1.900 

Obsidian  « from  8.348  to  8.370 
Oils,  Essential — Amber  • 0.866 
Anise-seod  . 0.966 

Carraway-aecd  0.904 
Ctaoamoe  . 1.043 

Cloves  • 1.036 

Fennel  . , 0.999 

Imrender  . 0.894 

Mint,  common  0.898 
Turpentine  . 0.870 

AVormwood  . 0.90/ 

Expressed^Sweet  Al* 
monda  • . 0.939 

Codfish  • 0.983 

Filberts  . • 0.916 

Hempseed  . 0.996 

luDseed  • • 0.940 

Olive*  . 0.916 

Pt^pyseed  • 0.939 

Rapeseed  . 0.913 

WalouU 


Rhodium 
Seleniaos  • 

Silver  . • 

hammered  • 
Rodinin  at  59‘>  Fahr. 
StH*U  Mift  . • 

tempered  . 


from 

0.993  to  0.947 
'n'hale  • , 0.983 

Opal,  precious  . . 9.114 

Do.  common,  from  1.958  to  8.114 
Opium  . . . 1.336 

Orpiment  . from  3.048  to  3.500 
Oyster-shell  . . 9.099 

Pearl,  Oriental,  from  9. 510 

to  9.750 

Pearlatone  , . 8.340 

Peat  . . from  0.600  to  1.399 

Peruvian  Bark  , . 0.784 

Phosphorus  . . i.770 

Pitchstooe  from  1.970  to  9.780 
Plumbago  or  Graphite,  from 

1.987  to  8.400 
Porcelain  from  China  . 8.384 

SOvres  . 2.145 

Porphyry  . from  2.458  to  8.972 
Porphyry,  Scltxer  . 1.003 

Proof-spirit  . . 0.983 

Pumice-stone  from  0.752  to  0.914 
Quarts  . from  S. 68 1 to  3.7-'^ 
Realgar  . from  3.385  to  3.3'td 
Roek-cr3uital,  from  S.58I  to  8-8><8 
I Ruby,  Oriental  • , 4.8^ 

9-*78jSainem  . , 8.143 


13.68 

13.37 

8.600 

8.279 

3.666 


10.65 

4.300 

10.47i 

10.51 


Sardonyx  . from  8. 60t  to  9.691 
Seammony  of  Smyrna  • 1.97d 
Aleppo  . 1.835 
Schorl  . fro.ti  9.939  to  8.458 
Serpentine  from  9.964  to  9.999 
Shale  . • . 8.600 

Silver  Glence,  from  5.900  to 
Slate- (drawing)  . .9.110 

Smalt  . . 9.440 

Spar,  Fluor,  from  3.094  to  3.791 
Do.  calcsreoaa,from  9.680 

to  9.837 

Do.  double  refrg,  from 

Castlelon  . . 9.784 

Spermaceti  . » 0.943 

Spodumese  or  Triphane, 

from  3.000  to  3.918 
Stalactite  . from  9.383  to  8.546 
Steatite  . from  8.400  to  8.665 
Steam  of  water  . 0.431 

Stilbite  . from  8 . 140  to  8 . 500 
Strontiao,  Sulphate  of,  from 

3.583  to  3.959 
Do.  Carbonate  of,  from  3.658 

to  3.675 

Stone,  Bristol,  from  8 510  to  8.6M 
cutlers'  . . 2.111 

grinding  , 8.148 

hard  . 8.460 

paving,  from  9.415  to9.?08 
Portland  . 9.496 

Rotten  . . 1.981 

Sugar  . , I.C06 

Sulphur,  native  . 9.033 

fused  . 1 .990 

Tele,  . from  9.090  to  3.000 
Tallow  . 0.941 

Topax  . from  4.010  to  4.06) 
Tourmaline  from  3.0S6  to  3.3G9 
Turquoise,  fr«m  9.600  to  . 3.000 
Ultramarine  . 9.360 

Uranite  . . 8.190 

Vesuvian  . from  3.300  to  3.575 
Vinegar  . from  1.013  to  1.030 


r.816 


Sapphire,  Oriental. from  4.000 


to  4.9>t/ 


Water,  distilled  . 

Sea  . , 

Water,  of  Dead  Sea  r 

Wax,  Bees’ 

White 

Shoemakers'  . 

\'Tiey,  Cows'  , 

Wine,  Bonrdeaux  . 

Burgundy  , 

Constance  , 

Malaga  • 
Port  « 

White  Champagne 
Wood,  Alder  . 

Apple-tree  , 

Ash 

Bay-tree  . 
Beech 

Box,  French  , 

l>ulch 

Brnxilixo,  Red  , 
Campcaihy  , 

CVd.sr,  W l\ 
r.ii.s 


1.000 

1.088 

1.840 

0.964 

0.968 

0.897 

1.019 

0.993 

0.991 

1.081 

1.029 

C.997 

0.997 

0.800 

0.793 

0.HI5 

0.882 

0.858 

0.918 

1.398 

1.031 

0.913 

n. 596 

o. eu 
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1 Wood,  Hurt  . 0 6001 

1 

! 

1 

St 

0.785 

Americ. 

. 0.561, 

Jurnio,  SpanUk  • 

0.770 

Poeirfraaate-tree  . 

i.asi 

CWrrj'trM  . 

0.715 

Jooiper-tree  • 

0.556 

PopUr-iree  . 

0.383 

CitfM  . 

0.736 

I.eiaod-trco  . 

0.703 

Do.  >Mtite  Spanifth 

0.529 

CocM-wood  • 

1.040 

Lifoum  Vita  , 

i.333 

Qoioor-tree  . 

0.705 

Crmb  tree  . • 

0.765 

laiodcD-tree  • 

0.604 

Sanafru  , 

0.482 

Cork 

0.S40 

51astick-tree  . 

0.849 

Vine  « , 

1.397 

Cypmi,  Spaoith 

0.644 

MahoKAnjr  « 

1.063 

Walnut  t . 

0.681 

£boDj,  Americaa  , 

, 1.331 

Maple*tree  • 

0.750 

WiUow  , . 

0.585 

Do.  Indiaa  • 

1.S09 

MedUr 

0.944 

Yew,  Dutch 

0.788 

Elder^treo  « 

0.605 

klulberry,  SpanUK 

0.897 

Spnniiili  , . 

0.807 

Eln*tree  • 

0.671 

OAk-heart,60yr«.  old  1.170 . 

l6tot  of  16  Tears  old 

1.760 

Filbert-tree  • ( 

0.600 

1 Olive-tree  » 

0.9S7 

Woodstone  from  9.045  to  9.675 

Fir,  M&le 

0.5S0 

Oraof(e-tree  . 

0.705 

Zeolite  • from  2.073  to  2.718 

Do*  Femaio  • 

0.498 

Pear-tree  i 

0.1661 

Zircoo  • from  4.385  to  4.700 

Craptbr  VII. 

The  Syphon — Intermitting  Springs. 

Ip  a bent  tube  with  equal  branches, 
like  the  letter  U,  be  filled  with  water, 
and  placing  the  thumbs'  upon  its  two 
openings,  you  turn  it  upside  down,  and 
place  it  in  a basin  of  water,  the  liquid 
will  stand  in  it.  Let  one  of  the  branches 


AB  i/ig.  22.)  be  brought  out  of  the 
water,  and  over  the  edge  of  the  vessel; 
the  pressure  upon  the  mouth  of  the 
branch  at  B is  equal  to  the  pressure  on 
the  mouth  at  G ; for  it  is  in  both  cases 
the  weight  of  the  air  which  presses  on 
the  surface  of  the  water  I K,  and  makes 
the  water  remain  in  the  tube  A G,  and 
which  also  presses  against  the  water 
in  the  tube  A B ; and  the  weight  of 
the  air  meets  with  the  same  weight  of 
water  to  balance  it  in  Ixith  branches, 
because  the  height  of  Ixith  is  equal. 
Therefore  the  water  will  not  run  through 
the  lube.  But  if  the  branch  AB  be 
lengthened  to  L,  then  there  being 
a greater  weight  of  water  in  A B L 
than  in  G A,  it  will  overcome  the  pres- 
sure of  the  air  at  L ; the  water  will 
flow  out  of  the  tube,  and  the  water  in 
the  basin  will  be  forced  up  through 
A G until  the  basin  is  emptied,  if  the 


arm  AG  is  held  to  the  bottom,  and 
.the  bottom  is  higher  than  the  mouth 
L of  the  tube.  This  kind  of  lube  is 
called  a Syphon,  and  is  veiy  conveni- 
ently used  for  decanting  liquors  from 
casks  or  other  vessels,  when  it  is  w ished 
to  draw  them  olf  without  shaking,  or 
when  there  is  a sediment  at  the  bottom 
which  it  is  wished  to  leave. 

The  strange  appearance  of  inter- 
mitting springs,  or  springs  which  run 
for  a time,  and  then  stop  altogether,  and 
after  a time  run  again,  and  then  stop, 
is  entirely  occasioned  by  the  channels 
in  which  the  water  flows  being  formed 
like  syphons.  Thus  if  A B C (^g.  23.) 
represents  a hill  or  mountain,  in  which 
there  is  a hollow  E F 6,  and  a channel 
bent  like  a syphon  F H B leading  out 
of  it.  The  water  collected  from  the  rills 
d,a,  d,  will  fill  the  hollow,  and  as  soon 
as  it  rises  to  the  line  O P,  of  the  same 
height  with  H,  it  will  rise  to  II  in  llie 
channel,  and  then  flow  out  through  B, 
till  the  whole  runs  off  to  the  level  of  F. 
It  will  then  cease  to  flow  until  the  hol- 
low is  again  filled  to  the  level  O P, 
when  it  will  flow  again,  and  so  on. 
Some  springs,  called  variable  or  re- 
riprocating,  do  not  cease  to  flow, 
but  only  discharge  a much  smaller 
quantity  of  water  for  a certain  time, 
and  then  give  out  a greater  quantity. 
This  may  be  owing  to  another  hol- 
low situated  higher  up,  which  has 
a common  runner  going  to  join  the 
stream  below  the  bend  II ; for  this 
runner  keeps  the  stream  always  sup- 

filied  to  a certain  degree,  and  when  the 
uwer  hollow,  which  feeds  the  sjqilion 
runner  FH,  is  filled  up  to  OH,  both 
the  common  runner  and  the  syphon 
runner  feed  the  stream  together,  un- 
til the  lower  hollow  is  drained.  Or  it 
may  l)c  owing  to  another  runner  I K, 
from  the  same  hollow,  situated  lower 
down,  and  going  into  the  syphon  runner 
F H B ; for,  if  the  lower  runner  be  loo 
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small  to  cany  off  the  luppljr  from  the 
rills  d,d,d,ihB  water,  os  soon  as  it  sinks 
to  F,  and  the  syphon  stops,  will  begin 
to  rise  again;  and  it  will,  therefore, 
never  descend  to  the  level  of  I ; and, 
consequently,  the  runner  I K will  flow 
without  ceasing,  either  augmenting  the 
syphon  stream  when  it  runs,  or  running 
by  itself  when  that  stops. 

In  some  places  the  most  absurd  tales 
are  told,  and  believed  by  ignorant 
people,  respecting  such  spnngs ; their 
flowing  and  ceasing  are  ascribed  to 
witchcraft;  and  desiring  men  have 
sometimes  taken  advanta^  of  the 
creduhty  of  others,  and  mned  credit 
for  themselves,  by  foretelling  the  re- 
turn of  the  spring  after  it  had  ceased, 
or  pretending  to  stop  it  when  it  was 
running.  Some  notions  connected 
with  superstitions  of  this  kind  are 
adverted  to  in  the  account  given  of 
an  intermitting  or  rather  a variable 
spring,  at  I.aywcll,  near  Torbay,  in 
Devonshire,  by  Dr.  Atwell,  the  first 
]ierson  who  distinctly  explained  these 
appearances  by  tlie  nature  of  the  sy- 
phon. It  is  a long  mile  (says  he) 
distant  from  the  sea,  upon  Uie  north 
side  of  a ridge  of  hills  lying  between  it 
and  the  sea,  and  making  a turn  or 
angle  near  this  spring.  It  is  situated 
in  the  side  of  those  hills,  near  the 
bottom,  and  seems  to  have  its  course 
from  the  S.W.  towards  the  N.E.  Tliere 
is  a constantly  running  stream  which 
discharges  itself  near  one  comer,  into 
a basin,  about  eight  feet  in  length,  and 
four  feel  and  a half  in  breadth,  the  out- 
tet  of  which  is  at  the  furthest  end  from 
tlie  entrance  of  the,  stream,  about  three 
wide,  and  of  a sufficient  height. 


This  I mention,  that  a better  judgment 
may  be  made  of  the  perpendicular  rise 
of  the.  water  in  the  basin  at  the  time  of 
the  flux  or  increase  of  the  stream. 
Upon  the  outside  of  the  basin  are 
three  other  springs,  which  always  run, 
but  with  streams  subject  to  a like  re- 
gular increase  and  decrease  with  the 
former : they  seem  indeed  only  branches 
of  the  former,  or  .rather  channels  dis- 
charging some  parts  of  the  constantly 
running  water,  which  could  not  emp^ 
Itself  all  into  the  basin ; and,  therefore, 
when,  by  means  of  the  season  or  wea- 
ther, springs  arc  large  and  high,  upon 
the  flux  or  increase  of  this  fountain, 
several  other  little  springs  are  said  to 
break  forth,  both  at  the  bottom  of  the 
basin  and  without  it,  which  disappear 
again  upon  the  ebb  or  decrease  of  the 
fountain.  All  the  constant  running 
streams  put  together,  at  the  time  I saw 
tliem,  were,  I believe,  more  than  suffi- 
cient to  drive  an  overshot  mill,  and  the 
stream  running  into  the  basin  might  be 
one-half  of  the  whole.  ' I had  made  a 
journey,  purposely  to  see  it,  in  company 
with  a friend ; when  we  came  to  the 
fountain,  we  were  informed  by  a man, 
working  just  by  the  basin,  that  the 
spring  had  flowed  and  eblied  about 
twenty  times  that  morning,  but  had 
ceased  doing  so  about  half  an  hour  be- 
fore wc  came.  I observed  the  stream 
running  in  the  basin  for  more  than  aa 
hour,  by  my  watch,  without  perceiv- 
hig  the  least  variation  in  it,  or  the 
least  alteration  in  the  height  of  the  sur- 
face of  tlie  water  in  the  basin ; which 
we  could  observe  with  great  nicely,  by 
means  of  a broad  stone  laid  in  a sfielv- 
ing  position  in  tlie  water.  Thus  disap. 


HYDROSTATICS. 


S3 


pointed,  we  were  obliged  to  go  and 
take  some  little  refreshment  at  our  inn, 
after  which  we  intended  to  come  back 
and  spend  the  rest  of  our  time  by  the 
fountain,  ^fore  we  returned  home.  They 
told  us  in  the  house  ^at  many  had 
been  disappointed  in  this  manner,  and 
the  common  people  superstitiously  im- 
puted it  to  I know  not  what  influence 
which  the  presence  of  some  people  had 
over  the  fountain ; for  which  reason 
they  advised,  that,  in  case  it  did  not 
flow  and  ebb  when  we  were  both  pre- 
sent, one  of  us  should  absent  himself, 
to  try  whether  it  would  do  so  in  the 
presence  of  the  other.  Upon  our  re- 
turn to  it,  the  man,  who  was  still  at 
work,  told  us  that  it  had  begun  to  flow 
and  ebb  about  half  an  hour  after  we 
went  away,  and  had  done  so  ten  or 
twelve  times  in  less  than  a minute. 
We  saw  the  stream  coming  into  the 
basin,  and  likewise  the  others  on  the 
outside  of  the  basin  begin  to  increase, 
and  to  flow  with  great  violence,  upon 
which  the  surface  of  the  water  in  tlie 
b.isin  rose  an  inch  and  a quarter  per- 
pendicularly, in  near  the  space  of  two 
minutes ; immediately  after  which,  the 
stream  began  to  abate  again  to  its  ordi- 
nary course,  and  in  near  two  minutes 
time  the  surface  was  sunk  down  to  its 
usual  height,  where  it  remained  two 
minutes  more ; then  it  began  to  flow 
again  as  before,  and  in  the  space  of 
twenty-six  minutes,  flowed  and  ebbed 
five  times ; so  that  an  increase,  de- 
crease, and  pause,  taken  together,  vvere 
made  in  about  five  minutes,  or  a little 
more.  I could  observe,  by  the  mark 
upon  the  stones,  that  the  surface  of 


the  water  in  the  basin  had  rose  before 
we  came,  at  least  three-quarters  of  an 
inph  perpendicularly  higher  than  we 
saw  it ; and  I thought  that  I could  per- 
ceive some  veiy  little  abatement  each 
turn,  both  in  the  height,  and  in  the 
time  of  its  sinking ; but  the  time  of  the 
pause,  nr  standing  on  the  surface  at  its 
usual  height,  or  equable  running  of 
the  stream,  was  lengthened,  yet  so  as 
to  leave  some  abatement  in  the  time  of 
the  rising,  sinking  and  pause  taken 
toother." — (Phil.  Trans.  No.  424.) 

It  should  seem  that,  in  the  hill  from 
which  this  stream  comes,  there  are 
three  hollows,  or  reservoirs,  of  different 
sizes,  and  connected  by  syphons  of 
different  widths.  The  times  of  the  in- 
crease and  decrease  lengthening,  arises 
from  the  water  sinking  in  one  of  the 
reservoirs,  which  makes  it  flow  more 
slowly  than  when  it  is  full 

In  some  places  there  are  springs 
which  run  freely  in  summer,  or  m dry 
weather,  and  almost  stop  in  winter,  or 
in  wet  weather.  This  is  owing  to  a 
hollow  in  the  hill  being  fed  by  runners, 
but  having  beside  the  vent  through 
which  the  spring  flows  out,  a waste 
pipe  F L 6 like  a syphon,  which  carries 
off  the  water  another  way  as  soon  as  the 
space  is  filled  high  enough.  Thus  if  tlic 
cavern  is  fed  with  waterliy  the  runners 
E,  E,  E,  i/lg.  24.)  and  these,  from  the 
drought,  are  not  sufficient  to  raise  iU 
level  as  high  as  1 K,  the  sTOhon  out- 
let F L 6 cannot  act  at  pJl ; but  the 
stream  H will  flow  constantly.  But 
if,  during  wet  weather,  the  runners  feed 
the  cavern  faster  than  the  stream  H can 
empty  it,  the  water  will  rise  to  tlie  level 


I 
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of  L K,  and  the  syphon  ontletsviD  bejjin 
to  act,  which,  together  with  the  stream 
of  tlie  spring,  may  soon  reduee  the  water 
to  the  level  of  H,  or  below  it ; and,  con- 
se(|uenllv,  the  spring  will  cease  to  run. 
If  now  tlic  syphon  drain  off  as  much  at 
the  runners  supply,  and  the  aperture  F 
be  lower  than  H,  the  water  will  not  rise 
to  H,  nor,  of  course,  the  spring  flow; 
but  when,  in  consequenceof  the  drought, 
the  runners  E,  E,  E,  lessen  their  supply, 
the  sjqihon  gains  on  tliem,  and  at  lengdn, 
sinking  the  water  to  F,  stops.  There 
being  now  no  water  draining  from  tlie 
cavern  it  rises  to  H,  through  which  it 
will  continue  to  run  again  until  the  re- 
turn of  wet  weatlier  once  more  brings 
the  svphon  into  action.  The  less  L 
a.scends  above  the  level  of  H,  and  the 
less  F descends  beneath  it,  tlie  more 
easily  these  phenomena  are  produced, 
and  tlie  more  closely  they  follow  the 
changes  of  weather. 


Chapter  VIII. 

Ciq>illary  Attraction. 

Hitherto  wc  have  seen  no  exception 
to  the  general  rule,  that  all  the  parts  of 
a liquid  stand  always  at  the  same 
height  if  left  to  them.selves,  and  that 
consequently  no  liquid  can  of  itself 
rise  higher  in  the  inside  of  a tube,  than 
it  stands  on  the  outside.  But  there  b 
an  exception,  or  rather  an  apparent  ex- 
ception, to  tliis  rule,  which  must  now 
be  explained. 

If  a drop  of  water,  or  any  liquid  of  a 
like  degree  of  fluidity,  be  pressed  upon 
a solid  surface,  it  will  wet  that  siudacc, 
and  stick  to  it,  instead  of  keeping  toge- 
ther, and  running  off  when  the  surface 
is  held  sloping.  This  shows  that  the 
parts  of  the  liquid  are  more  attracted 
by  the  parts  of  the  solid  than  by  one 
another.  In  the  same  manner,  if  you 
observe  the  edge  of  any  liquid  in  a 
vessel,  as  wine  in  a glass,  and  note 
where  it  touches  the  glass,  you  will  see 
that  isnot  quite  level  close  to  the  glass, 
but  becomes  somewhat  hollow,  and  is 
raised  up  on  it,  so  as  to'  stand  a little 
higher  at  the  edge  than  in  the  middle 
and  other  parts  of  its  surface.  It  ap- 
pears, therefore,  that  there  is  an  attrac- 
tion at  very  small  distances  from  the 
edge,  sufficient  to  suspend  the  part  of 
the  fluid  near  it,  and  prevent  it  from 
sinking  to  the  level  of  the  rest.  Sup- 
pose the  wine-glass  to  be  diminished 


so  as  to  leave  no  room  for  any  of  the 
wine  in  the  middle,  which  lies  flat  and 
level,  but  only  to  leave  room  for  the 
small  rim  of  liquor  raised  up  all  round 
on  the  side  of  the  glass  ; in  other  words, 
suppose  a very  small  tube,  placed  with 
its  lower  end  just  so  as  to  touch  the 
liquor ; it  is  evident  that  the  liquor  will 
stand  up  somewhat  higher  in  the  tube 
than  on  the  outside ; and  if  the  tube 
be  made  smaller  and  smaller,  the 
liquor  will  rise  higher,  there  being 
always  less  weight  of  liquid  to  keep 
it  from  rising  and  counterbalance  the 
attraction  of  the  glass. 

Tubes  of  this  very  small  bore  are 
called  Capillary,  from  a Latin  word, 
signifying  hair,  because  they  arc  small 
like  hairs.  Generally,  any  tube  of 
less  than  the  twentietli  of  an  inch  dia- 
meter in  the  inside  b called  a capillary 
tube ; and  if  it  is  placed  so  ns  to 
touch  the  surface  of  water,  the  wa- 
ter will  rise  in  it  to  a height  which  is 
greater  tlie  smaller  the  bore  of  the  tube 
IS.  If  the  diameter  of  the  tube  b the 
fiftieth  part  of  an  inch,  the  water  will 
rise  to  Ihe  height  of  inches ; if  it  be 
the  hundredth  part  of  an  inch,  the 
water  will  rise  5 inches  ; if  the  two 
hundredth  part  of  an  inch,  the  water 
will  rise  1 0 inches,  and  so  on  in  pro- 
portion as  the  bore  b lessened.  Now 
the  quantity  of  water  raised  in  these 
tubes  is  in  proportion  to  the  square  of 
the  diameter,  multiplied  by  the  height 
it  rises  to,  because  cylinders  are  to  one 
another  as  the  squares  of  their  diame- 
ter multiplied  by  their  lengths ; there- 
fore, the  height  being  inversely  as  the 
diameter,  it  follows,  that  the  quantity 
of  water  raised  is  in  proportion  to  tlie 
diameter;  and  the  circumferences  of 
the  tubes  being  also  in  the  proportion  of 
the  diameter,  it  is  plain  that  the  quan- 
tity of  water  raised  is  in  proportion  to 
the  circumference  of  the  tube,  or  the 
quantity  of  matter  in  the  ring  of  the 
tube  which  first  touches  tlie  water. 
From  hence  arises  a probability  that 
this  effect  is  produced  by  the  attrac- 
tion of  the  ring  of  the  tube.  But  the 
subject  is  involved  in  considerable  ob- 
scurity ; and  althougli  philosophers  have 
thrown  much  light  iqion  it  by  mathe- 
matical  reasoning,  great  doubt  remains 
respecting  the  explanation  of  the  fact. 
Some  hold  that  trie  water  is  raised  and 
supported  by  the  attraction  of  the  ring 
of  glass  immediately  above  Ihe  water's 
surface  ; but  tlien  the  ring  immedbtely 
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below  the  sur&ce  oui^t  to  dnw  it 
down  as  much  as  the  nn|;  immediately 
above  draws  it  iro.  Others  hold,  that 
the  first  ring  of  glass  which  meets  Uie 
water,  that  is,  the  bottom  of  tlie  tube, 
attracts  it,  there  being  no  ring  below  to 
draw  it  down.  But  this  seems  not  very 
well  to  explain  how  this  ring  pushes 
the  water  up  past  it ; for  it  ought  na- 
turally to  draw  it  back  as  much  as  the 
second  ring  draws  it  up ; and  still  less  how 
the  water  remains  suspended  without 
running  out  at  the  top,  when  you  break 
off  the  tube  below  the  point  to  which  it 
rises.  However,  the  fact  of  the  water 
rising  higher  the  smaller  the  tube  is, 
cannot  be  doubted,  and  there  are  some 
other  facts  ecjually  well  ascertained. 

If  a tube  have,  in  different  Jig.  ss. 
parts,  two  bores,  as  A D 
the  larger,  and  E F the 
smaller,  the  water,  if  raised 
by  suction  or  otherwise,  will 
stand  at  the  sanle  height  E, 
at  which  it  would  have  stood 
if  the  small  tube  E F were 
continued  down  to  the  sur- 
face of  the  water  A B ; 
and  this  will  take  place 
whatever  be  the  bore  or 
shape  of  A B D C,  provided  £ F be  a 
capiliaiv  tube,  and  the  expmment  be 
not  made  in  vacuo ; so  that  the  water  will 
stand  in  the  larger  tube,  or  in  any  vessel 
ending  in  a capillary  tube,  as  well  as  if 
it  were  closed  at  the  top ; and  if  the 
tube  or  vessel  be  turned  upside  down, 
the  water  will  stand  as  high  as  it  would 
have  done  in  the  smaller  tulie  alone. 

If  a capilhuy  tube,  like  the  one  above, 
composed  of  two,  or  a tube  tapering  to 
one  end,  be  filled  with  liquid,  and  placed 
horizontally,  the  liquid  will  run  towards 
the  narrow  part,  and  leave  the  wide 
part  towards  the  mouth  empty. 

If  a capillary  tube  be  bent  into  the 
form  of  a sranon,  the  water  will  rise 
as  high  as  if  it  were  straight,  and  so 
may  reach  the  middle  of  the  bend,  but 
it  will  not  run  over  through  the  other 
leg.  If  the  syphon,  however,  is  filled 
in  iMth  legs,  and  one  is  made  so  much 
longer  as  to  counterbalance  the  attrac- 
tion which  keeps  it  in  the  other,  it  will 
fiow  over,  and  will  thus  bring  the  water 
&om  one  place  to  another. 

If  a plate  of  glass  ^ placed  with  its 
upright  edm  against  anotlier  plate,  and 
kept  in  a slanti'ig  position  towards  it,  at 
an  inclination  to  it  of  about  l-3Gth  part 
perpendicular,  (that  is,  at  an  angle  of 
about  li  deg.),  and  the  lower  edges  of 


both  plates  be  placed  in  any  watery 
liquid,  the  liquid  will  rise  between  the 
plates,  and  it  will  rise  higher  the  nearer 
it  is  to  the  upright  edge;  that  is.  the 
smaller  the  space  is  between  the  two 
plates ; so  that  the  liquid  will  form  itself 
into  a curve  line.  Thus,  if  the  plates 
A B D C and  A E F C 26.)  meet  in 

fy.iO. 


the  edge  A C,  and  are  held  verynear  each 
other,  but  not  touching,  except  in  A C, 
the  liquid  in  which  they  are  placed  will 
rise  between  them,  and  stand  in  the 
form  of  D I G L ; the  height  of  the 
lirpiid  at  any  point  G,  that  is  OH, 
being  greater  in  proportion  as  its  dis- 
tonce  (tom  A is  less.  So  that,  if  C K 
is  twice  as  long  as  C H,  I K,  will  be 
half  as  long  as  G H.  This  curve  is 
well  known  to  mathematicians  under 
the  name  of  kyp^bola.  It  is  the 
same  line  which  is  made  by  cutting 
a cone  through  its  sides  and  base, 
in  a direction  perpendicular  to  its  base. 
When  water  is  the  liquid,  it  rises  to  the 
height  of  2J  inches  at  the  point  where 
the  two  plates  are  1-lootb  of  an  inch 
asunder,  and  so  in  proportidsiallilBi 
height  being  II  inch  where  the  distance 
is  1-SOth,  or  5 inches  where  the  dis- 
tance is  1 -200th  of  an  inch.  And  if  the 
plates  are  held  parallel  to  one  another, 
and  very  near,  the  upper  edge  of  the 
liquid  will  be  a straight  line.  This  rise 
is  plainly  owing  to  the  same  attraction 
which  acts  in  capillary  tubes ; for 
the  two  plates  may  be  considered  as 
an  assemblage  of  an  infinite  number  ot 
capillary  tubes  of  bores  always  dimi- 
nisfiing  till  at  A B the  bore  is  nothing. 
So  if  a number  of  capillary  tubes,  each 
one  smaller  than  the  next,  be  placed  up- 
right in  a row  and  resting  upon  a liquid, 
it  will  rise  in  them  to  different  heights ; 
and  if  the  bores  of  the  tubes  diminish 
in  proportion  as  they  are  nearer  the  cr^ 
of  the  row,  the  liquid  will  stand  ii 
them  at  different  heights,  so  that  itg 
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heights  in  the  different  tube*  will  be  in 
the  Hune  curve  line  as  the  upper' edge 
of  the  liquid  between  the  pttites. 

The  height  to  which  water  rises' in 
the  tube,  we  hare  seen,  is  2}  inches 
when  the  diameter  of  the  tube  is 
1-SOth  of  an  inch,  and  it  rises  be- 
tween the  plates  to  the  same  height 
when  they  are  twice  as  near,  or  only 
1-1 00th  inch  asunder.  But  this  differ- 
ence is  what  might  be  expected,  upon 
the  supposition  that  the  rise  is  owing  to 
the  attraction  of  the  glass  ; for  in  the 
tube  there  is  glass  all  round,  and  it  may 
be  supposed  to  be  a small  square,  each 
of  the  four  sides  acting  on  the  water ; 
whereas  the  plates  have  only  two  sides 
acting,  and  therefore  little  more  than 
half  the  power. 

The  action  of  the  tubes  or  plates  upon 
liquids  depends  upon  the  nature  of  the 
solid  substances  of  which  they  are 
made.  If  the  glass  is  smeared  with 
grease  so  that  water  will  not  sticlc  to  it, 
Uiat  liquid  will  not  rise  at  all ; nor  will  it 
rise  between  two'  cakes  of  wax  or  of 
grease.  So  different  liquids  rise  to  dif- 
ferent heights  in  the  same  tube ; but  not 
according  to  their  sp^iilo  gravity;  for 
oil  of  turpentine,  which  is  one-seventh 
lighter  than  water,  only  rises  one-fourth 
as  high ; and  aqueous  ammonia,  which 
in  the  tidile  of  specific  gravities  appears 
to  be  about  a tenth  lighter  than  water, 
and  consequently  heavier  than  oil  of 
turpentine,  rises  higher  than  water  by 
nearly  a fifth,  and  consequently  nearly 
five  times  higher  than  oil  of  turpen- 
tine. Spirit  of  wine,  somewhat  lighter 
than  oil  of  turpentine,  rises  nearly 
twice  as  high,  or  about  { as  high  as 
water.  Mercury  docs  not  rise  at  all, 
either  between  the  plates  or  in  the 
tubes,  unless  they  have  been  completely 
deprived  of  moiriure  by  repeated  boil- 
ings of  the  mercury  in  them,  and  then 
the  mercury  ascends  like  water;  on 
the  contrary,  it  usually  sinks  consi- 
derably lower  than  its  level  outside 
the  tube  or  plate.  In  a tube  of  l-5lh 
inch  bore,  it  sinks  1-1 1th  of  an  inch ; and 
in  a tube  of  1-lOth  inch  bore,  it  sinks 
about  l-5th  of  an  inch;  so  that  the 
sinking  is  in  the  same  proportion  to  the 
bore  of  the  tubes  in  mercury  as  the  rising 
in  watery  fluids,  being  inversely  as  the 
diameters ; and  melM  lead  is  found  to 
sink  in  the  same  manner,  and  accord- 
ing to  the  same  rule.  Again,  it  is  ob- 
servable that  mercury,  (and  probably 
melted  lead,)  which  sinks  in  this  way, 
has  always  a round  surface,  and  never 


stands  up  at  the  edge  of  the  vessel  con- 
taining  it,  unless  the  vessel  be  made  of 
silver,  or  tin,  or  some  other  substance 
with  which  mercury  has  a strong  che- 
mical affinity.  Watery  fluids  sink  in- 
stead of  rising  in  tubes,  or  between 
plates,  which  are  oiled  or  waxed.  The 
thickness  of  liquors  seems  to  have  but 
little  influence  on  their  capillary  attrac- 
tion, nor  has  their  heat ; for  white  var- 
nish, which  is  exceedingly  thick  and 
viscid,  rises  nearly  as  hi^  as  spirit  of 
wine,  and  hot  and  cold  water  stand  at 
nearly  the  same  height,  the  hot,  how- 
ever, standing  lower  of  the  two. 

It  is  one  consequence  of  capillary 
attraction,  that  when  light  bodies,  capa- 
ble of  being  wetted  by  any  liquid,  float 
upon  it,  and  come  very  near  each  other, 
they  are  drawn  together  as  if  they 
attracted  one  another;  but  this  is  owing 
to  the  fluid  being  raised  on  tlieir  sides, 
and  when  very  near  it  becomes  raised 
between  them  and  attracts  them.  The 
same  thing  happens  when  two  lightbo- 
dies,  not  capable  of  being  wetted,  float 
very  near,  for  they  make  the  fluid  sink 
between  them,  and  the  bodies  are 
pressed  together  by  the  surrounding 
fluid.  But  when  one  body  Ls  capable 
of  being  wetted,  and  the  other  not, 
they  arc  driven  back  one  from  the  other, 
because  the  fluid  being  raised  by  die 
wetted  body,  on  one  side  of  the  dry 
body,  and  sunk  on  the  other,  the  dry 
body  is,  as  it  were,  on  a slope,  and 
falls  away  from  the  other. 

Capillary  attraction  performs  many 
imporiant  offices  in  nature.  Probably 
the  distribution  of  moisture  in  the 
earth  is  remilated  by  it ; and  there  is 
no  doubt  that  the  distribution  of  the 
juices  in  plants  depends  principally 
upon  it.  The  rise  of  the  sap  and  its 
cu-culation  is  performed  in  the  fine 
cajiillary  tubes  of  the  wood  and  bark, 
which  are  the  arteries  and  veins  of  ve- 
getables. Any  one  may  perceive  how 
this  process  is  performed,  by  twisting 
together  several  threads  of  cotton  or 
worsted,  and  wetting  them.  If  they 
are  then  put  in  a glass  of  any  co- 
loured fluid,  as  red  wine  or  ink,  and 
allowed  to  hang  down  to  the  plate  on 
which  the  glass  stands,  the  fluid  will 
soon  be  perceived  to  creep  up,  and 
colour  the  whole  of  the  threads,  red  or 
black,  as  the  ease  may  be ; and  in  a 
short  time  the  whole  contents  of  the 
glass  will  come  over  into  the  plate. 
(3npill^  tubes  may  in  this  manner 
cai^  juices  upwards,  and  distribute 
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them  through  plant*.  The  juice,  it  is 
true,  cannot  be  so  carried  from  a lower 
to  a higher  level  in  a capillary  tube,  and 
flow  out  from  the  top ; but  it  may  be 
carried  upwards  in  one,  and  forwards 
into  others,  partially  oblique,  and 
from  these  it  may  be  carried  upwanU 
again  in  a third  set  of  tubes. 

Sponi^  bodies  act  in  all  probability 
on  liquids  in  the  same  manner,  by 
means  of  a great  number  of  extremely 
small  capillary  tubes,  of  which  their 
substance  is  entirelr  composed. 

The  attraction,  by  means  of  which 
capillary  tubes  and  plates  nearly  touch- 
ing, act  on  fluids,  may  be  seen  very 
easily  by  placing  a drop  of  water  upon 
any  surfi^e  which,  from  being  oiled, 
or  from  any  other  cause,  caimot  be 
easily  wettra.  It  assumes  a round- 
ish form.  If  over  this  you  hold  any 
flat  surfrice,  easily  wetted,  you  will 
perceive  thi^,  when  it  is  brought  near, 
out  not  touching,  the  upper  p^  of  the 
drop  rises  to  meet  it,  and  by  moving 
the  surface  to  a greater  distance  the 
drop  becomes  lengthened  out,  broader 
on  the  two  surfaces,  and  narrow  in  the 
middle.  If  the  second  surface,  instead 
of  being  held  parallel  to  the  first,  is 
placed  upright  upon  it,  and  brought 
near  the  side  of  the  dmp,  the  water 
is  drawn  .towards  it,  and  stands  up 
against  it  in  the  comer  with  a hollow 
surface;  as  in  a glass  containing  any 
liquid  formerly  mentioned.  And  in 
this  manner,  when  any  vessel  is  nearly 
full,  but  not  overflowing,  the  liquor 
may  be  made  to  run  over,  by  placing 
any  body  upon  the  top  and  leaning 
over  the  ed^,  so  that  it  touches  the 
liquor  and  raises  it  to  that  edge. 


CBAPTBa  IX. 

Mathematical  Illustrations  *. 

1.  I.et  A B C D (/g.27.)  be  the  sec- 
tion of  a vessel  filled  with  any  liquid ; 
the  pressure  of  the  liquid  upon  the 
base  B C,  is  measured  by  the  area 
of  the  base  multiplied  into  the  alti- 
tude A . B.  Thus  if  the  figure  is  a 
cube,  the  pressure  is  the  weight  of 
a bulk  of  the  liquid  equal  to  tlie  cube 
of  B C : if  a rectangular  parellelo- 
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piped,  the  presssure  is  equal  to  B C* 
X A B the  depth  of  the  liquid : if  a 


cylinder,  itisBC*x.78S4xAB;  if  a 
cone,  whose  base  and  altitude  are  the 
same  with  those  of  the  cylinder,  the 
pressure  is  the  same : if  the  frustrum 
of  a cone  F G B C,  or  B 0 O P,  tlie 
pressure  on  B C is  still  the  same  as 
that  of  the  cylinder  A B C D,  as  long 
as  B C,  the  base,  and  B A,  the  alti- 
tude, continue  the  same. 

3.  If  there  are  two  vessels  of  the 
same  figure  but  of  different  depths  and 
bases,  and  filled  with  different  fluids, 
let  D and  d be  the  depths,  B and  b the 
area  of  the  bases,  O and  g the  specific 
gravities  of  the  fluids  ; then  the  pres- 
sure upon  B is  to  that  upon  i as  D x 
B xOtodxbxg. 

3.  If  in  any  vessel  there  be  strata  of 
the  thickness  FP'F",  &c.  of  fluids, 
whose  densities  are  D,  D,  D”,  See.,  the 
pressure  of  the  whole  strata  on  the 
area  B of  the  bottom,  is  equal  to  B x 
(DxF+D'xF'  + D"xF"  + ,.&c.) 

4.  Let  there  be  a perpendicular- 
sided  vessel,  that  is,  a vessel  whose 
sides,  if  planes,  are  at  right  angles  to 
the  base,  and  if  curvilinear  surfaces, 
have  all  their  tangents  in  planes  at 
right  angles  to  the  base,  and  let  the 
vessel  be  filled  with  any  liquid ; if  a be 
the  height  of  the  liquid,  p the  perimeter 
of  the  vessel ; the  pressure  on  the  whole 
pespendicular  sides,  that  is,  the  whole 
perpendicular  surface,  is  the  weight  of 
a rectangular  prism  of  the  liquid 

whose  base  is  a x ^ uid  altitude  is 

a®  p 

a,  therefore  the  pressure  is  -j*.  If 

the  vessel  be  a cube,  the  whole  la- 
teral pressure  is  2 o',  and  the  pressure 
a* 

on  each  side  — , or  half  the  pressure 

on  the  base.  If  it  be  a cylinder,  whose 
diameter  is  d,  the  latcm  pressure  is 
a*d  X } .57079,  and  that  or.  the  bottom 
ad*  X. 78539, 
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5.  Ai  the  preesore  on  ur  paitide 
of  fluid  at  rest  is  equal  to  tM  weight 
of  a column  of  that  fluid  whose  base  is 
the  particle,  and  whose  altitude  is  the 
depth  of  the  particle  below  the  surface ; 
if  we  call  those  particles  p,  p',  p",  &c., 
and  the  depths  d,  d!,  d",  &c.  respectively, 
the  pressure  upon  the  whole  of  any 
vertical  or  oblique  lamina  of  the  fluid 
on  each  side  of  it,  will  be  a weight  of  the 
fluid  equal  top  • d+p'  • d'+p"  • d”+, 
&c.,  and  this  is  also  .the  pressure  with 
which  the  lamina  next  to  the  vertical 
side  weighs  upon  that  side.  But  if  D 
be  the  distance  of  the  centre  of  ^avity 
of  all  the  particles  from  the  honzontd 
surface  of  the  liquid,  it  is  a property  of 
this  point  that  D x (p+p'+p''+ , &c.)  is 
equal  to  p • d + p'  • (f  + p"  • d"  + , 
&c. ; and  as  p + p'  + p"  + , &c.  is  the 
area  of  the  plane  or  surface  formed  by 
all  the  p,  p',  p",  &c.  tlierefore  the 
pressure  upon  the  whole  area,  whether 
vertical,  oblique,  or  horizontal  of  any 
surface  under  water,  is  equal  to  D 
times  that  area,  or  the  area  multiplied 
by  the  distance  of  its  centre  of  gravity, 
below  the  plane  of  the  fluids'  surface. 

6.  It  follows  from  hence  that  the 
pressure  upon  the  sides,  whose  breadth 
IS  &,  of  a rectangular  vessel,  as  a cube 
or  paralellopiped,  at  different  depths 

D.D’,  D''isas  bxDx  f , bxV 

X 6 X D"  X ^ ; orasD*,  Z)'», 

D"*  ; that  is,  as  the  squares  of  the 
depths.  Hence,  if  a conic  parabola  be 
described,  whose  axis  is  the  upper  edge 
of  the  vessel  A B,  (ytg.  28.)  and  con- 
jugate  the  depth  B M",  the  pressure 
upon  the  whole  of  the  side  A P,"  above 
P,  will  be  as  the  ordinate  P M ; upon 


the  portion  alwve  P'.  P'M';  upon  the 
portion  above  P",  P"M  ", 

7.  If  a body,  whose  specific  gravity 
is  S,  be  plunged  in  two  fluids  of  diffe- 
rent specific  gravities,  G and  G',  the 
heuvier  being  G',  it  will  float  in  equi- 
librio,  if  the  part  P in  the  lighter  be  to 
the  part  P'  in  the  heavier,  as  G'—S  is 
to  S — G.  For  the  weight  of  the 
whole  body  is  S x (P-f  P'),  the  weight 
of  the  fluid  displaced  by  P is  GxP, 
and  that  displaced  by  P' is  G'P' ; and 


because  the  body  floats,  and  its  weight 
is  suspended.  Ox  P + G'  x P'=  S x 
(P  + P');  therefore  Px  (S-G)=P' 
X (G'-S)andP;P':;G'-S:S-G. 
it  follows  also  that  P ; P+  P*; ; O — S ; 
G'—  G,  or  the  part  in  tlie  lighter  is  to 
the  whole  body  as  the  difference  between 
the  specific  gravities  of  the  solid  and  the 
heavier  fluid  to  the  difference  between 
the  specific  gravities  of  the  two  fluids. 
When  that  difference  is  very  great,  G 
may  be  neglected  ns  evanescent  in 
the  last  term  of  the  pro])ortion  ; or  the 
part  of  the  body  out  of  water  is  to 
the  whole  body,  ns  the  difference  be- 
tween the  specific  gravities  of  the  body 
and  water  to  tlie.  specific  gravity  of 
water  ; or  (because  neglecting  G,  P' ; 
P+P' ; :S  ; G')  the  part  plunged  is  to 
the  whole  as  the  ^ecinc  gravity  of 
the  solid  to  that  of  the  fluid ; and, 
in  like  manner,  neglecting  G in  the 
former  proportion,  P P’".'.  Gr  — S S; 
or  the  part  out  of  water  is  to  the  part 
plunged,  as  the  difference  of  the  spe- 
cific gravities  of  the  solid  and  fluid 
to  the  specific  gravity  of  the  solid. 

8.  The  centre  of  pressure  of  any  hi- 
angle  ABC  (Jig.  29.)  placed  vertically  at 
the  depth  C W,  below  the  surface  W 11 
of  the  water  is  found  thus.  Let  A S = 

SB,  nndGS=5  CS;GwiUbcthe 

centre  of  gravity  of  ABC;  and  G M 
being  perpendicular  to  W R,  the  pres- 
sure on  A B C will  be  equal  to  a co- 
lumn of  water  whose  base  is  A B C and 
altitude  G M ; that  is,  equal  to  C P x 


fig.  29. 


Draw  E F parallel  to  A B,  and  let  W O 
= .r,CW=a,CP=  A.AB  = c,GM  =m. 
ThenCO  = x-o;  E F=  (by  similar  tri- 


angles) j (*  — ")f  kud  the  pressure 
h c 

upon  AE  C = I"  X And  by  the 
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property  of  the  centre  of  percussion,  the 
distance  of  the  centre  of  percussion  of 
C E F below  W R is  equal  to  the 

fluent J’^  x(«  — o)x*»  divided  by 

the  product  of  the  triangle  E C F into 
the  ^stance  of  its  centre  of  gravity 
from  W R ; and  finding  the  fluent, 

we  have  g + C,  a con- 

stant quantity ; which  constant  quan- 
tity (as  the  fluent  vanishes  at  0,  or 

when  x—a  = O.tbatisx  = o)  is  ; 


C / 

80  that  the  whole  fluent  w j ^ ( — 

_ 111  + — ^ : and  if  we  take  this  for 
S ^ 1*  y 

the  whole  triangle  ABC,  where  x = a 
+ b;  we  have  to  substitute  thisforr,  and 
to  divide  by  A B C x G M,  that  is,  by 

Let  a -b  6 = d ; the  expres- 
a 


sion  becomes 


o <1  • a * \ 
12  /’ 


Therefore  the  centre  of  percussion,  is 
in  the  line  found  E F.  But  if  the  triangle 
were  to  revolve  in  aplane  perpendicular 
to  its  own  round  W R,  and  strike  against 
aplane  passing  through  EF,  its  mo- 
tion would  be  destroyed,  the  motions 
on  the  opposite  sides  of  that  line 
balancing  each  other;  therefore  the 
pressure  of  the  fluid  on  the  triangle 
being  counteracted  by  an  equal  and 
opposite  pressure  on  the  line  £ F,  the 
triangle  must  be  supported;  that  b, 
the  centre  of  pressure  is  in  E F. 

If  the  vertex  of  the  triangle  be  situ- 
ated at  W,  the  surfiice  of  the  water, 

theno=0,  d=6,  and»n=  j 6,  and  the 


expression  becomes  j ^ Uie  cen- 


tre of  pressure  is  at  three-fourths  of 
the  depth  of  the  Water. 

The  point  of  the  line  EF,  which  is 
the  centre  of  pressure,  that  is,  the  db- 
tance  of  that  centre  from  C P,  may  be 
found  by  a similar  process.  It  is  equal 
to 


tan.p  /iP 
mb’  \4 


f being  the  angle  P C G.  When, 
therefore,  the  triangle  is  isosceles,  and 
the  centre  of  gravity  is  in  C P,  this 
quantity  vanishes,  and  the  centre  of 


pressure  b in  O,  the  intersection  of  C P 
and  E F ; and  when  the  vertex  of  the 
triangle  touches  the  surfhee  W R,  the 

expression  becomes  g 6xian.f. 

Of  the  two  expressions,  for  the  dis- 
tance of  E F from  W R,  and  for  the  dis- 
tance of  the  centre  from  C P,  it  may 
be  remarked  that,  in  the  former,  e 
disappears  at  one  of  the  steps  of  the 
analysis.  Wherefore  the  distance  of 
E F from  W R does  not  depend  on  the 
line  A B : in  other  words,  all  triangles 
of  the  same  altitude,  and  in  the  same 
depth  of  water,  have  the  centre  of  pres- 
sure at  the  same  depth  below  the  sur- 
face, whatever  be  their  bases.  But  the 
latter  expression  involving  the  angle  f, 
the  horizontal  distance  of  the  centre  of 
pressure  from  the  vertical  line  depends 
upon  the  base  of  the  triangle,  because 
that  determines  the  position  of  G,  the 
centre  of  gravity. 

To  apply  this  analysis  to  other  figures, 
the  line  E F = n must  be  found  in  term* 
of  r,  or  of  the  given  quantities,  and 
substituted  in  the  fluxional  expression 

"** -•  and  the  fluent  being  found,  it 
m 

must  be  divided  by  the  expression  for 
the  figure.  This  gives  the  depth  of  the 
line  E F below  \VR. 

To  find  the  distance  of  the  centre  from 
C P on  E F,  when  G G S bisects  all  the 
ordinates,  we  must  substitute  for  n (or 
£ F)  ib  value  in  terms  of  x as  before, 
in  the  expression 

tan.  f r , , \ ■ 

m •' 

and  then  having  found  the  fluent,  (re- 
garding m under  the  integral  sigii  as 
constant  or  independent  of  x),  divide 
it  ^ the  expression  for  the  figure. 

■nius,  if  the  figure  b a rectangle, 
whose  sides  are  equal  to  b,  and  base 
equal  to  c;  and  if  the  upper  edge  b at 
the  surface  of  the  water,  so  that  a = 0. 
the  first  fluxional  expression  becomes 


8 

9 c f ^ 

whose  fluent  is  . . and  dividing 

3 0 

this  by  6 c,  the  area  of  the  figure,  we  hav  e 
8 a * 

S h • 

which,  for  the  wihole  rechuigle,  when 


1 

\ 
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X = b,  becomes  The  second  flux- 

ional  expression  = 0 

because  the  centre  of  gravi^  is  in  the 

axis  and  f = 0. 

If  the  figure  be  a Conic  Parabola, 
whose  parameter  is  p,  and  vertex  at  the 
surface  of  the  water  n = 2 ^px,  m = 

8 3 

- 6,  and  the  area  = -fie;  thefluxional 

V S 

expression,  therefore,  for  the  depth,  is 

8 ^ 10^  V J i 

8 . 86  * »*  • 

20 

whose  fluent  is 

and  when  x=b,  and  dividing  by  - 6 c, 

it  becomes  ^ b pb  or,  as 
c 

•J  ^ • 'i becomes  j b ; 
and  therefore  is  wholly  indq>endent  of 


the  breadth  of  the  base,  or  the  value 
of  the  parameter.  Consequently,  if 
an  infinite  number  of  parabolas  be 
drawn  through  any  point  as  a vertex, 
their  common  centre  of  pressure  will 
always  be  a point  S-7ths  of  the  axis 
distant  ftom  the  vertex. 

The  same  calculus  may  be  applied  to, 
and  the  same  proposition  shevm  to  hold 
of,  parabolas  of  all  orders. 

forhereii~8«>  p bi  and 

2«+l 

'zl  * j. 

the  area  to  divide  by  _ 8ep  r8r~*-‘ 

i + e 

and  the  fluxional  expression  being 

* * * f finding  the  fluent, 

(l+e)t  ® 

substituting,  and  reduemg,  we  have 
1 + 8 s 

X 6 for  the  depth  of  the  centre 

of  pressure,  an  expression  whglly  inde- 
pendent of  the  parameter,  or  of  the 
breadth  of  the  figure. 
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Introduction. 

As  Hydrottatics  is  that  branch  of  Na- 
tural Philosophy  which  treats  of  the 
weight,  pressure,  and  equilibriuin  of 
water,  and  all  such  fluids  as  are  non- 
elastic ; so  Hydraulics  has  for  its  ob- 
ject the  investigation  of  the  motions  of 
such  fluids,  tlie  means  by  which  such 
motions  are  produced,  the  laws  by 
which  they  are  regulated,  and  the  force 
or  effect  they  exert  against  themselves, 
or  against  solid  bodies  which  may  op- 
pose them.  To  avoid  repetition,  when- 
ever fluids  are  mentioned  in  this  trea- 
tise, they  must  always  be  understood  to 
be  inelastic,  a character  which  not  only 
belongs  to  water,  but  to  oils,  spirits, 
and  all  the  visible  and  tanmble  nuidi, 
to  such  an  extent  that,  almough  they 
may  vary  in  their  bulk  by  change  of 
temperaliue,  yet  they  yield  in  so  slight 
a degree  to  mechanical  compression,  as 
to  have  obtained  the  character  of  being 
non-elastic,  notwithstanding  which  it 
does  not  perfectly  apply  to  them,  as 
will  be  found  explained  at  the  com- 
mencement of  the  Treatise  on  Hydro- 
statics. 

Fluids  are  characterized  by  a want 
of  cohesion  among  their  parts ; hence 
they  are  incapable  of  assuming  any 
particular  form  without  external  sup- 
port, but  always  accommodate  them- 
selves to  the  shape  of  the  vessel  which 
contains  them.  This  same  cause  in- 
fluences the  motions  of  fluids,  and 
produces  the  difference  that  exists  be- 
tween their  pressure  and  motion  and  that 
of  sohds ; for  a solid,  if  it  moves,  must 
move  altogether,  and  can  only  produce 
a pressure  downwards,  which  will  be 
equivalent  to  its  weight  or  gravitating 
force ; but  a part  of  a mass  of  fluid  may 
be  in  motion  while  other  parts  of  the 
same  mass  may  be  perfectly  quiescent ; 
and  although  a mass  of  fluid  can  in  no 
case  produce  a greater  downward  pres- 
sure than  is  equivalent  to  its  weight, 
yet,  at  the  same  time,  its  want  of  cohe- 
sion among  its  particles  will  permit  it 
to  exert  a lateral  pressure,  or  tendency 
to  spread  horizontally,  which  will  be 
exerted  agmnst  the  sides  of  the  vessel 
that  contains  it,  without  altering  or 
affecting  its  weight ; and  this  constitutes 
the  chief  difference  between  the  motions 


oPsolids  and  fluids.  The  investigation 
of  this  subject  very  naturally  divides 
itself  into  three  distinct  heads.  1 st.  The 
effects  which  take  place  in  the  natural 
flowing  of  fluids  through  the  various 
ducts  or  channels  which  convey  them. 
2ndly,  The  artifleial  means  of  producing 
motion  in  fluids,  and  destroying  the’ir 
natural  equUibrium  by  means  of  pumps 
and  various  hydraulic  engines  and  ma- 
chines ; and  3rdly,  the  force  and  power 
which  may  be  derived  from  flmds  in 
motion,  wnether  that  motion  be  pro- 
duced naturally  or  artificially ; and  these 
several  subjects  will  accordingly  be 
s^arately  considered  in  the  following 
distinct  chapters. 

Chapter  I. 

On  the  Motion  of  Fltsids  through  vari 
out  Charmets',  Pipes,  and  Cmfices. 

Whatever  may  be  the  shape  or  con- 
formation which  the  ultimate  or  original 
particles  of  fluids  possess,  they  are 
found  to  flow  over  or  amongst  each 
other  with  less  friction  and  impediment 
to  motion  than  when  they  have  to  pass 
over  solid  substances.  And  as  each  in- 
dividual particle  is  under  the  influence 
of  gravitation,  so  it  follows  that  no 
quantity  of  homogeneous  fluid  can  be 
in  a state  of  rest  and  perfect  equili- 
brium, unless  every  part  of  its  surface 
is  on  a level,  by  which  we  are  not  to 
understand  a level  plane,  but  a siufface 
that  is  convex  upwards  to  such  an  ex- 
tent, that  every  one  of  its  points  may  be 
equidistant  from  the  earth's  centre,  to 
wtiich  fluids  in  common  with  all  other 
matter  gravitate.  This  equally  applies 
to  all  masses  of  fluid,  whether  they  are 
contained  in  a cup,  in  the  ocean,  or  in 
any  number  of  tubes  or  vessels  which 
communicate  with  each  other;  for  in 
this  latter  case  the  ^gregate  quantity  of 
fluid  must  be  considered  as  one  mass. 
If,  therefore,  any  one  part  of  the  sur- 
face is  made  higher  than  another,  that 
high  part  may  be  conceived  to  be  com- 
posed of  a pillar  or  column  of  particles, 
and  of  course  a greater  number  of  par- 
ticles will  be  necessary  to  constitute  this 
high  column  than  the  shorter  ones 
which  surround  it:  consequently,  the 
high  column  will  gravitate  with  greater 
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force,  and  by  pressing  downwards  will 
remove  such  particles  as  are  opposed 
to  its  descent  until  an  equilibnum  of 
ressure  is  produced;  and  this  equiU- 
rium  can  never  exist  until  the  whole 
mass  of  fluid  is  operated  upon  by 
the  same  force,  an  effect  that  occurs 
only  when  the  surflsce  is  truly  level. 
In  the  same  manner,  if  one  perpen- 
dicular column  of  fluid  is  conceived 
to  be  shorter  than  the  others  that  sur- 
round it,  it  will  contain  fewer  particles, 
and  hence  will  be  lighter  than  them ; the 
consequence  of  which  will  be  that  the 
heavier  surrounding  columns  will  press 
upon  and  buoy  up  that  which  is  lifter, 
until  an  equilibrium  of  pressure  is  pro- 
duced by  their  becoming  eijual  or  level. 

As  the  particles  of  all  fluids  mvitate, 
so  will  any  vessel  whatever,  that  con- 
tains a quantity  of  water  or  other  fluid, 
be  drawn  towards  the  earth  with  a 
ower  equivalent  to  the  weight  of  tlie 
uid  it  contains ; and  if  the  quantity 
of  the  fluid  be  double,  triple,  or  in- 
creased in  any  other  proportion,  so 
will  the  weight  or  gravitating  influence 
be  doubled,  tripled,  or  increased  in  like 
proportion ; from  which  we  learn  an 
important  hydraulic  corollary,  that  the 
weight  or  pr^sure  of  fluids  at  rest  is 
simpiv  as  their  quantities  or  heights  : so 
that  if  a perpendicular  pipe  thr^  inches 
diameter,  and  three  feet  high,  contains 
nine  pounds  of  water,  that  pressure  of 
nine  pounds  will  be  exerted  upon  a 
valve  or  stopper  of  any  description,  and 
three  inches  diameter,  placed  in  the  bot- 
tom of  the  pipe ; and  if  the  pipe  is 
made  twice  as  high,  or  six  feet  long,  the 
pressure  will  be  eighteen  pounds,  if 
three  times  as  high,  twenty-seven 
pounds— the  pressure  increasing  in  the 
same  ratio  as  the  altitude  of  the  column, 
while  the  valve  or  orifloe  below  remains 
the  same,— a circumstance  which  is  of 
great  consequence  to  be  known  in  the 
construction  of  pumps  and  engines  for 
raising  water. 

Water  not  only  gravitates  with  the 
vessel  that  contains  it  as  in  the  last  case, 
but  ind^endently  of  it ; and  thus,  if  the 
containing  vessel  is  supposed  stationary 
and  a hole  is  bored  in  its  bottom,  the 
contained  water  will  flow  out  and  de- 
scend through  the  air  for  the  purpose  of 
obtaining  a lower  situation  than  it  be- 
fore occupied ; and,  in  so  flowing  out, 
those  particles  of  fluid  which  were  over, 
ar  in  immediate  contact  with  the  hole, 
w^  be  discharged  first  Their  motion 
will  of  oourse  cause  a momentary  va- 


cuum or  void  space  above  the  hole,  ant 
from  the  case  with  which  the  particles 
of  fluids  slide  over  each  other,  and 
thereby  press  in  all  directions  alike,  it  is 
not  a ^rpendicular  column  of  particles, 
equal  in  their  base  to  the  area  of  the 
hole  that  will  be  set  in  motion,  but  par- 
ticles will  flow  in  all  directions  towards 
the  hole,  and  thus  put  the  whole  mass 
of  fluid  into  motion  ; and  if  the  water  so 
flowing  out  falls  perpendicularly,  its 
descent  will  be  accelerated  in  the  same 
proportion,  and  its  motion  will  be  regu- 
lated by  the  same  laws  as  apply  to  the 
falling  of  solid  bodies.  When  water 
flows  in  a current  or  stream,  as  in  rivers 
or  channels,  it  does  so  in  consequence 
of  the  end  of  the  channel  towards  which 
it  is  flowing  being  lower  than  that  frxim 
which  it  proceeds,  in  which  case  its  mo- 
tion is  referrible  to  that  of  solids  de- 
scending inclined  planes  ; but,  from  the 
want  of  cohesion  among  the  particles  of 
fluids,  their  motions  are  much  more 
irregular  than  those  of  solids,  and  they 
involve  a number  of  intricacies  of  very 
difficult  solution,  and  which  are  ren- 
dered still  more  uncertain  in  their  in- 
vestigation, by  the  few  experiments  that 
have  accurately  been  tried  on  a large 
scale  to  furnish  data  for  calculation. 
The  friction  that  occurs  between  a solid 
and  the  surface  upon  which  it  moves 
can  be  accurately  ascertained,  but  not  so 
with  a fluid ; for  in  this,  while  om  part 
may  be  moving  rapidly,  another  may  be 
quite  stationary,  moving  slowly,  or  even 
moving  in  a contrary  direction.  Thii 
is  particularly  observable  in  rivers,  where 
the  central  part  or  main  current  will 
always  be  found  flowing  with  much 
greater  rapidity  than  either  side ; and 
experiment  proves  that  the  same  effect 
occurs  when  water  flows  through  pipes, 
for  that  water  which  is  in  contact  with 
the  side  of  the  pipe  moves  with  much 
more  resistance  than  that  at  the  centre, 
whereby  the  calculated  discharge  of  any 
given  pipe  of  considerable  length  be 
comes  much  less  than  is  due  to  its  mag  - 
nitude.  The  term  ‘ friction'  is  applied  to 
this  obstruction  to  the  pass^e  of  fluids, 
in  the  same  manner  as  it  is  to  solids, 
and  it  exists  to  such  an  extent  as  to  be- 
come an  object  of  considerable  incon- 
venience in  practice.  It  can  only  be 
obviated  by  making  the  conveying-pipe 
of  much  larger  dimensions  than  would 
otherwise  be  necessary,  so  as  to  allow 
the  free  passage  of  a sufficient  quantity 
of  fluid  through  the  centre  of  the  pipe, 
while  a ring  or  hollow  cylinder  of  water 
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u eonsidered  to  be  nearly  at  rest  all 
around  it.  Other  circum.stanccs  be- 
sides friction  likewise  tend  to  diminish 
the  quantity  of  fluid  which  would  other- 
wise pass  through  pipes,  such  as  the 
existence  of  sharp  or  nght-angled  turns 
in  them,  and  permitting  eddies  or  cur- 
rents to  be  tbrmesl,  or  not  providing  for 
the  eddies  or  currents  that  form  natu- 
rally by  suiting  the  shape  of  the  pipe  to 
them.  It  follows  therefore  that,  w hen- 
ever a bend  or  turn  is  necessary  in  a 
water-pipe,  it  should  be  made  in  as  gra- 
dual a curve  or  sweep  as  possible,  in- 
stead of  the  form  of  an  acute  or  even 
right  angle ; that  the  pipe  should  not 
only  be  sufficiently  capacious  to  afford 
the  necessary  supply,  but  should  be  of 
an  equal  bore  throughout,  and  free 
from  all  projections  or  irregularities, 
against  which  the  water  can  strike  and 
form  eddies  or  reverberations,  since 
these  will  impede  the  progress  of  the 
fluid  as  effectually  as  the  most  solid  ob- 
stacles. These  subjects  have  been  par- 
ticularly investigated  and  examined  by 
Newton.  Bernoulli  d'.’Vlembart,  De 
Buat,  Robison.  Venturi,  Dr.Young,  and 
many  others ; and  the  following  impor- 
tant practical  results  obtained  from 
their  labours  are  highly  w orthy  of  at- 
tention: 1st.  The  friction  of  water  in 

rivers  or  channels  increases  as  the 
square  of  the  velocity.  2nd.  Although 
the  sides  of  a pipe  must  in  every  case 
produce  a certain  degree  of  friction,  yet 
that  defect  is  Oequenlly  ovei  balanced 
by  a duly.nroportioiied  size  of  pipe  pro- 
perly fixed,  giving  a moving  direction  to 
the  fluid  which  it  would  not  otherwise 
obtain,  and  by  which  a greater  quantity 
of  discharge  is  produeerl  than  could 
otherwise  take  place.  Thus,  for  ex- 
ample, a vessel  or  reservoir,  having  a 
thin  bottom  of  fin,  with  a smooth  cir- 
cular hole  formed  therein,  might  be 
siipijosed  most  capable  of  parting  ra- 
pidly with  its  water,  because  the  fluid  in 
running  out  has  no  continued  length  of 
substance  to  rub  against,  and  eonse- 
(juently  it  miglit  be  imagined  that  very 
little  friction  could  he  generateil ; but  VI, 
Venturi  found  by  his  experiments,  that 
such  a vessel  di(I  not  discharge  its  water 
sorapidlyas  another  containingthe  same 
height  of  water  and  area  of  hole  to 
which  a short  pipe  of  the  same  diameter 
as  the  hole  was  applied,  and  by  varying 
the  length  of  pipe  he  a-scertained,  that 
when  its  length  was  equal  to  twice  its 
diameter  it  produced  the  most  rapid 
dtaebarge,  for  being  so  circumstanced 


it  discharged  eighty-two  quarts  of  water 
in  lUO  seconds,  while  the  simple  hole, 
without  the  pipe,  discharged  but  sixty- 
twg  quarts  in  the  same  time.  Pursuing 
the  same  experiments,  he  found  that 
if  the  pipe,  instead  of  being  applied  to 
the  bottom  of  the  reservoir,  so  as  to  be 
flat  and  even  with  it,  was  made  to 
project  some  distance  into  it  as  at  p, 
m the  vessel  A,  Jig.  1 , it  had  the  effect 
of  diministiing  the  flow  of  water  even 
to  less  than  issued  through  the  sim- 
ple hole  without  any  pipe.  This 
phenomenon  of  a pipe  and  hole,  of 
similar  area,  discharging  various  quan- 
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tities  of  water  under  different  circum- 
stances, while  the  head  or  pressure  re- 
main  the  same,  is  sufficiently  accounted 
for  by  the  cross  or  opposing  currents 
in  which  all  fluids  move,  when  the  con 
ducting  pipes  or  vessels  are  formed  so 
as  to  oppose  or  divert  the  as.sisting 
currents  that  would  otherwise  form : 
thus  currents  will  form  from  the  top 
and  sides  of  the  containing  vessels  to- 
wards the  orifice  of  discharge,  ,xs  indi- 
cated by  the  direction  of  the  long  dots, 
drawn  within  the  vessel  shown  in  sec- 
tion at  I.  Tlie direction  of  these 
dots  do  not,  however,  stop  at  the  dis- 
charging orifice,  but,  from  the  inertia 
of  w ater,  arc  constrained  to  cross  each 
other  and  pass  beyond  it ; hence  to  a 
certain  extent  they  tend  to  stop  or  shut 
up  the  orifice  against  the  passage  of 
that  water  tliat  is  descending  more  per- 
pendicularly, and  by  their  contending 
influence  cause  the  w ater  that  issues  to 
run  in  a screw  -like  form.  This  effect 
is  in  a great  measure  counteracted  and 
destroved  by  the  application  of  a short 
tube  below'  the  hole,  but  if  that  tube 
projects  into  tlie  vessel  as  at  A, 
the  dots  assume  a new  form,  and  those 
B 2 
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columns  which  descend  from  near  the 
outsides  of  the  vessel,  by  turning  up 
again  to  reach  the  discharging  orifice, 
are  thrown  into  a more  direct  opposition 
to  the  motion  of  the  central  descending 
columns,  at  the  same  time  that  they  are 
themselves  constrained  to  turn  suddenly 
in  opposition  to  their  inertia  before  they 
can  enter  the  pipe  ; and  thus  the  dis- 
charge is  more  enectually  impeded  than 
if  it  were  proceeding  from  a mere  hole 
through  a thin  bottom. 

Sir  Isaac  Newton  investigated  the 
curves  in  which  a fluid  will  proceed 
from  the  interior  of  a reservoir  to  a 
discharging  orifice  in  its  bottom,  and 
found  that  the  solid  figure  produced  by 
the  streams  flowing  from  all  parts  to 
one  common  centre,  viz.  the  orifice  of 
discharge  as  indicate<I  by  the  dots  in 
B,  was  an  Hyperboloid  of  the  fourth 
order ; and  Venturi,  from  finding  the 
great  difference  of  discharge  through 
the  same  area  of  ojicning  as  Irefore 
stated,  determined  on  applying  a dis- 
charging-pipe  of  this,  the  natural  form 
of  flowing  water,  to  the  bottom  of  a 
reservoir  as  shown  at  C,  when  he  found 
tliat  although  the  bottom  orifice  q was 
the  same  as  before,  the  quantity  dis- 
charged was  increased  to  ninety-eight 
quarts  in  the  same  period  of  time  : and 
conceiving  that  the  curve  which  water 
naturally  assumes  in  running  was  con- 
tinued beyond  the  point  of  discharge, 
he  likewise  enlarged  the  lower  or  dis- 
charging end  of  the  delivering  pipe  by 
making  it  bell  or  trumpet  mouthed  in 
the  same  curve,  as  at  D ; and  from  this 
form  he  obtained  the  maximum  quan- 
tity of  water  that  could  be  delivered 
through  a given  orifice. 

It  will  be  evident  that  these  examples 
do  not  refer  to  extended  lengths  of 
pijie,  but  merely  to  the  rapid  discharge 
of  water  from  reservoirs,  and  they  are 
merely  given  here  to  show  by  what 
simple  means  the  flow  of  water  may  be 
imp^ed  or  increased  in  practice. 

As  water  in  descending  is  actuated 
by  the  same  laws  as  falling  bodies,  it 
follows  that  its  motion  will  become  ac- 
celerated ; therefore,  in  rivers  or  open 
channels,  the  velocity  and  quantity 
discharged  at  different  depths  woidd 
be  as  the  square  roots  of  those  depths, 
did  not  the  friction  against  the  bottom 
of  the  channel  interfere  and  check  the 
rapidity  of  flow  which  would  otherwise 
take  place  at  that  part,  but  by  which 
a uniform,  straight-forward  velocity  is 


produced.  Thus,  2,  if  A B C D 
represents  a reservoir  of  water,  and 
B C 6 I a canal  leading  therefrom,  and 
sloping  fium  the  prolonged  horizontal 
line  A B H,  the  bottom  water  at  C 


would  have  a velocity  as  the  square 
root  of  the  depth  B C.  The  water  at  K 
would  flow  with  a velocity  proportioned 
to  the  square  root  of  the  depth  F E, 
and  that  at  G as  .^H  G,  while  the  top 
water  at  I would  have  a less  velocity , 
or  one  only  equal  to  the  bottom  water 
at  E ; because  tbe  point  E is  the  same 
depth  as  the  point  I from  the  level  line 
A B H.  The  same  law  holds  good 
with  respect  to  the  spouting  or  flowing 
of  water  through  jets  or  adjutages. 
Thus,  if  D is  a hole  made  in  the  side  of 
the  vessel  of  water  3,  the  water 


at  D would  only  be  pressed  by  the  sim- 
pie  weight  of  the  perpendicular  column 
of  water  from  A to  D ; but  when  the 
orifice  D is  opened  and  the  water  is 
permitted  to  spout  out,  its  motion 
throws  the  whole  column  into  effect, 
and  it  will  now  press  upon  and  dis- 
charge the  water  from  D,  with  tlie 
same  force  as  if  the  water  had  been 
a solid,  descending  from  A to  D.  i.  e. 
as  the  square  root  of  the  height  A D ; 
and,  for  the  same  reason,  amr  water 
issuing  from  other  orifices,  as  C and  B, 
would  run  in  quantities  and  velocities 
proportionate  to  the  square  root  of  the 
depths  of  such  orifices  below  the  sur 
face  of  the  fluid.  Now  the  quantity  of 
water  spouting  from  any  hole  iii  a 
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given  time,  must  necessarily  be  as  the 
velocity  with  which  it  flows ; and  if, 
therefore,  the  hole  D is  supposed  to  be 
four  times  as  deep  below  the  surface 
A,  as  the  hole  B is,  it  follows  that  D 
will  discharge  twice  the  gusuitity  of 
water,  that  can  flow  from  B in  the  same 
time,  because  2 is  the  square  root  of  4. 
So  in  like  manner,  if  D had  been  nine 
times  the  depth  of  B,  three  times  the 
quantity  of  water  would  issue  from  it, 
3 being  the  square  root  of  9 

From  the  above  law  of  spouting 
fluids,  if  a semicircle  cgd  be  drawn 
from  the  central  height  of  the  column 
of  fluid  as  at  C,  so  that  cCd  may  be 
the  perpendicular  diameter,  and  c the 
top  of  the  fluid,  while  d is  its  bottom, 
any  parallel  lines  drawn  from  that  semi- 
circle to  the  diameter,  and  at  right  angles 
to  it,  as  at  /B,  .gC,  and«D,  will  be 
proportionate  to  the  horizontal  distances 
to  which  the  fluid  will  spout  from  holes 
made  at  the  points  BCD  where  those 
lines  cut  the  diameter ; and  as  g C is 
the  longest  line  that  can  be  drawn  within 
the  semicircle,  so  we  learn  that  a hole 
made  in  the  centre  of  the  column  at  C 
will  project  its  water  to  the  greatest 
horizontal  distance  or  range  ad,  and 
that  range  (if  in  vacuo)  would  be  equal 
to  twice  the  length  of  the  diameter  c d. 
In  like  manner  two  jets  of  water  spout- 
ing from  B and  D would  be  thrown  to 
the  same  distance  and  meet  in  the  point 
b,  because  the  lines  fB  and  « D pro- 
ceeding from  the  re^ective  jets  are 
equal  to  each  other.  'Ihc  path  of  the 
fluid  in  so  spouting  will  in  everv'  case 
be  a parabola,  because  it  is  impelled  by 
two  forces,  the  one  being  horizontal, 
while  the  other  (gravitation)  is  perpen- 
dicular. The  velocity  of  the  jet  will 
not  be  affected  by  its  direction,  becau.se 
fluids  press  equally  in  all  directions,  and 
that  velocity  may  be  found  by  multi- 
plying the  square  root  of  the  head  in 
feet  by  8^,  so  that  a four-feet  head 
would  produce  a velocity  of  di.scharge 
of  rather  more  than  16  feet  in  a second. 
If  the  water,  instead  of  flowing  out  at 
small  holes,  as  in  the  figure,  had  been 
permitted  to  run  from  a long  slit,  or 
opening,  of  equal  width  throughout,  it 
is  evident  from  the  laws  above  stated, 
that  the  discharge  from  the  top  and 
bottom  would  be  very  different,  but  the 
general  velocity  of  the  whole  stream 
will  be  two-thirds  of  that  at  the  lowest 
point.  Hence  if  the  head  be  not  kept 
up  to  one  height  by  a fresh  supply,  the 
initial  velocity  will  soon  be  lost,  and  the 


discharge  become  very  languid,  which 
is  the  reason  why  canal  locks,  or  re.ser- 
voirs,  are  so  long  filling,  although  the 
process  at  first  proceeds  most  rapidly. 
M.  De  Buat  has  given  the  best  practical 
rule  for  calculating  the  velocity  of  rivers 
when  the  sectional  area  and  inclination 
in  a certain  distance  are  known ; that 
is,  to  suppose  the  whole  quantity  of 
water  to  be  spread  on  a horizontal  sur- 
face, equal  in  extent  to  the  bottom  and 
sides  of  the  river,  when  the  height  at  • 
which  the  water  would  so  stand  is  called 
the  hydraulic  mean  depth.  Tliis  found, 
the  square  of  the  velocity  will  be  jointly 
proportional  to  this  depth,  and  to  the 
fall  in  a given  length.  The  fall  in  such 
length  must,  therefore,  be  ascertained, 
and  tlie  square  of  the  velocity  in  a second 
will  be  very  nearly  equal  to  the  product 
of  this  fall  multiplied  by  the  hydraulic 
mean  depth:  the  velocity  thus  given 
will,  however,  l>e  a trifle  too  great,  par- 
ticularly if  the  river  is  very  crooked. 
For  practical  purposes,  the  usual  pro- 
cess IS  to  take  the  sectional  area  of  the 
stream  in  superficial  feet  by  soundings, 
and  to  measure  off  ten,  twenty,  or 
any  number  of  feet  on  the  banks,  and 
then  to  ascertain  by  a stop-watch  the 
mean  time  that  slices  of  turnip  (or  any 
other  body  of  nearly  the  same  weight  as 
the  water,  and  which  will  therefore  float, 
but  not  float  on  the  surface)  thrown  into 
different  parts  of  the  stream,  take  to 
pass  through  this  measured  distance, 
from  which  the  number  of  cubic  feet  of 
water  flowing  Arough  the  stream  in  a 
given  time  can  be  pretty  accurately  de- 
termined. 

Pipes  must  be  considered  in  the  same 
light  as  small  rivers,  taking  the  mean 
depth  as  one-fourth  of  the  diameter, 
and  a sufficiently  accurate  determination 
of  the  velocity  will  be  obtained  by  sup- 
posing tlie  height  of  the  head  of  water 
from  its  surface  to  the  discharging 


orifice  to  be  diminished  in  the  same 
proportion  as  the  diameter  of  the  pipe 
would  be  increased  by  adding  to  it  one- 
fiftieth  part  of  its  length,  and  finding  the 
whole  velocity  corresponding  to  four- 
fifths  of  this  height.  Thus,  if  the  dia  ■ 
meter  of  the  pipe  was  one  inch,  and  it  s 
length  100  inches,  we  must  suppose  the 
effective  height  to  be  reduced  to  one- 
third  by  friction,  and  the  discharge 
must  be  calculated  from  a height  four- 
fifths  as  great  as  this.  If  the  pipe  had 
been  two  inches,  the  head  would  only 
have  been  supposed  to  be  reduced  to 
one-half  by  the  friction,  and  such  a pipe 
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would  tha«fore  discharge  five  times  as 
much  water  as  the  former,  although 
only  twice  the  diameter ; a circumstance 
that  requires  the  serious  attention  of  all 
such  as  are  practically  concerned  in  the 
construction  of  pumps,  or  distribution 
of  water  through  pipes  for  any  pur- 
poses. 

Chaptbr  II. 

0/  the  varioiu  Pumpt,  Enginee,  and 
Machines  for  raising  Iraier. 

Hating,  in  the  preceding  Chapter, 
laid  down  the  fundamental  principles 
upon  which  the  motions  of  fluids  de- 
pend, and  shown  how  they  are  acted 
upon  by  the  natural  effects  of  gravita- 
tion, the  next  object  v»  ill  be,  to  show 
how  their  gravitation  may  be  overcome 
with  the  greatest  advantage  ; and  how 
water  may  be  raised,  and  made  to  move 
in  various  directions,  to  supply  the 
wants  of  man.  This  division  of  the 
subject  is  of  the  greatest  practical  uti- 
lity, as  embracing  an  account  of  the  va- 
rious pumps,  engines,  and  machiness 
which  have,  from  lime  to  lime,  tieen  in- 
vented  and  constructed  for  this  purpose  j 
and  numerous  as  they  may  appear  to  be, 
yet  it  will  be  found  that  they  are  all 
comprehended  under  four  general  heads; 
vix.  those  machines  in  which  water  is 
lifted  in  vessels,  by  the  application  of 
some  mechanical  force  to  them  ; those, 
in  which  it  is  raised  by  the  pressure  of 
the  atmosphere ; those  which  act  by 
compression  on  the  water,  either  imme- 
diately, or  by  the  intervention  of  con- 
densed  air : and  those  which  act  hy  the 
we^t  and  momentum  of  the  water,  of 
which  they  raise  a part. 

The  earlier  hydraulic  machines  ap- 
ar  to  have  been  constructed  on  the 
st  or  simplest  principle,  with  the  ex- 
ception of  the  pump  of  Ctesebes  of 
Alexandria,  who  flourished  about  one 
hundred  and  twenty  years  before  Christ, 
but  respecting  the  jiarticular  construc- 
tion of  which  little  appeals  to  be 
known.  Probably,  the  first  process  re- 
sorted to,  was  the  common  bucket  and 
rope,  either  raised  by  the  hands,  or 
drawn  up  by  a windlass,  as  in  our  com- 
mon draw-wells  ; but  as  such  a process 
is  very  tedious  in  deep  wells,  and  even 
expensive,  if  performed  by  manual  la- 
bour, it  would  easUy  be  improved  by  the 
employment  of  animal  strength  to  a 
peater  load,  such  as  using  several 
Duckets,  at  ditferent  heights,  on  the 
same  rope  or  chain;  wMch  approxi- 


mates very  closely  to  the  more  modem 
bucket-engine  and  chain-pump.  Ac- 
cordingly. two  of  the  most  ancient  hy- 
draulic engines  are  on  this  principle ; 
viz.  the  Persian  Wheel,  and  the  Arehi- 
median  Screw. 

The  Persian  Wheel,  shown  eXfig.  4, 
must  be  of  greater  diameter,  than  the 
height  to  which  it  may  be  neccssaiy  to 
raise  the  water,  and  must  stand  in  the 
stream  or  reservoir  from  w hieh  the  wa- 
ter is  to  l>e  taken  ; it  consists  of  a rim 
or  circle  of  wood,  supported  by  arms  c< 
spokes  from  the  central  axis  or  gudgeor. 

m,  upon  which  the  wheel  revolves  in  a 
vertical  direction.  Upon  its  circumfer- 
ence a number  of  buckets  or  boxes,  as 

n,  0,  p,  and  q,  are  hung  by  iron  loops 
upon  round  iron  bolts,  in  such  a man- 
ner, that  these  boxes  may  constantly 
hang  upright  ns  the  wheel  revolves,  and 
since  the  lower  boxes  nn  are  con- 
straineil,  by  the  motion  of  the  wheel,  to 
dip  into  tlie  water  r,  they  will  become 
filled,  and  will  carry  up  their  charge  of 
water  as  at  o o o,  until  at  length  arriving 
at  the  highest  )>oint  p,  they  all  in  suc- 
cession come  into  contact  with  the  cis- 
tern *,  by  which  they  are  lilted  up,  i iid 
discharge  their  contents  into  it,  and  hav- 
ing passed  over  it,  they  descend  on  the 
opposite  side  qq  in  an  empty  state,  and 
are  ready  to  1m  filled  again  by  dipping 
into  the  water.  Motion  may  be  given 
to  this  wheel,  either  by  the  power  of  ani- 
mals, or,  if  r is  a running  stream  with 
sufficient  water  to  spare,  by  equipping 
the  circumference  of  the  wheel  itself 
with  vanes  or  float-boards  similar  tc 
those  of  the  wheel  of  any  water-mill,  in 
which  case  it  will  raise  up  a portion  of 
that  water  by  which  it  is  itself  driven 
round.  Small  springs  M are  fixed  to 
each  of  the  buckets,  at  that  part  which 
comes  into  contact  with  the  aide  of  the 
cistern  s,  for  the  double  purpose  of 
breaking  the  violence  of  the  blows 
which  the  buckets  would  otherwise  give 
to  the  cistern,  and  likewise  for  more 
effectually  tilting  the  buckets  to  enable 
them  to  completely  discharge  their  con- 
tents. Simple  as  this  machine  may  ap- 
pear to  be,  vet  it  is  one  of  the  most 
cheap  and  effectual  that  can  be  put  up 
for  irrigating  land  for  farming  or  gar- 
dening purposes,  where  it  may  be  neces- 
sary to  raise  a part  of  the  water  of  a 
running  stream  into  a higher  situation. 
It  requires  no  care  or  attendance  while 
working,  and  as  it  moves  incessantly 
while  the  stream  runs,  it  will  carry  up  a 
very  considerable  quantity  of  water. 
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eren  if  iU  buckets  are  but  small,  and 
the  smaller  they  are  the  less  power  will 
he  required  to  give  motion  to  the  wheel. 
It  likewise  requires  none  of  that  nicety 
in  its  construction  which  is  usually  ne- 
cessary in  millwork,  but  will  act  if  made 
in  the  roughest  manner.  It  may  like- 
wise be  applied  in  many  cases  with  ad- 
vantage to  the  tail  stream  of  a water- 
mill, when  water  is  scarce,  so  as  to 
work  by  the  water  after  it  has  passed 
the  mill-wheel,  in  order  to  raise  and  re- 
turn a portion  of  it,  instead  of  lettiog  it 
all  run  to  waste. 

Nearly  allied  to  the  Persian  Wheel, 
but  much  more  elegant  in  its  contriv- 
ance, is  The  CoeJUion,  or  Screw  o 
ArcMmedet,  a machine  invented  and 
used  by  this  philosopher,  for  raising  wa- 
ter and  draining  land  in  Egypt,  about 
200  years  before  the  Christian  sera.  The 
Cochlion  consists  of  a succession  of 
buckets  or  recesses  to  be  filled  with  the 
water  to  be  raised  • but  instead  of  their 
being  separate  and  detached,  as  in  the 
last-described  machine,  they  are  formed 
by  the  lower  parts  of  the  hollow  thread 
of  a screw,  and  their  motion  and  succes- 
fion  are  brought  about  by  turning  that 


screw.  This  will  be  better  understood 
by  referring  to  Jig.  5,  which  is  a repre- 
sentation of  this  machine,  and  in  w hich 
vuwx  shows  a flexible  tube  or  pipe, 
wound  in  a screw-like  form  round  a 
solid  cylinder  y y,  the  two  extreme  ends 
Of  which  arc  equipped  with  pivots,  so 
that  the  cylinder,  with  its  encircling 
screw-formed  tube,  may  be  made  to 
revolve  on  its  axis  by  the  force  of  run. 
ning  water,  or  any  other  power  appbed 
to  its  upper  or  lower  end.  Lastly,  this 
machine  must  be  supported  by  its  two 
ivots,  so  as  to  make  an  angle  with  the 
orizon,  as  shown  in  the  figure.  If  now 
the  lower  end  v of  the  tube  be  supposed 
to  be  covered  with  water,  that  water 
will  flow  to  its  own  level  within  the 
tube,  and  will  occupy  the  lowest  bend  o; 
and  if  now  the  cyUnder  y y be  turned 
round  by  its  handle,  in  a direction  from 
left  to  right,  the  lower  end  of  the 
spiral  tube  will  become  elevated  above 
the  surface  of  the  water  in  the  reset 
voir,  and  that  water  which  had  entered 
into  the  tube  will  have  no  opportunity 
of  escaping,  but,  by  the  motion  of  the 
screw-tube,  will  flow  witliin  it,  until,  at 
the  end  of  the  first  revolubou,  it  will  be 
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found  in  the  second  lower  bend  u.  In 
the  mean  time,  the  lowest  extreme  end 
of  the  tube  will  have  made  a second  dip 
into  the  water  of  the  reservoir,  and  will 
receive  a second  charire,  which,  in  like 
manner,  will  be  transferred  to  u at  the 
next  revolution,  while  the  water  lately 
atuwill  be  elevated  tots ; until  at  lenf^h, 
when  the  cylinder  has  made  as  many  re- 
volutions as  there  are  turns  of  the  tube 
round  it,  each  lower  bend  will  become 
filled  with  water,  whatever  may  be  the 
length  of  the  cylinder  y y ; and,  as  the 
extreme  upper  end  a of  the  tube  be- 
comes depressed,  in  each  revolution,  into 
the  situation  of  a lower  bend,  it  will 
there  discharn  its  water  into  an  ele- 
vated cistern  o placed  to  receive  it  The 
quantity  of  water  raised  by  this  machine 
will  depend  upon  the  capacity  of  the 
screw-pipe,  and  the  angle  above  the 
horizon  at  which  it  is  placed  to  work  ; 
but  it  will  be  teen  by  the  figure,  that 
there  is  room  to  dispose  several  pipes 
parallel  to  each  other,  round  the  same 
cylinder,  when  they  will  all  work  simul- 
tueously  ; or  the  whole  cylinder  itself 
may  be  made  into  a hollow  screw,  by 
merely  placing  a thin,  screw-formed 
diaphraem  or  partition  round  its  central 
axis,  which  is  the  most  usual  form  of 
the  machine  in  practice.  On  a small 
scale,  it  may  be  constructed  by  wrapping 
one  or  more  flexible  lead  pipes  round  a 
solid  cylinder  of  wood,  which  forms  a 
useful  machine  for  raising  water  to 
small  heights.  It  was  formerly  much 
used  ; but  owing  to  its  liability  to  be- 
come choked  by  mud,  weeds,  and  other 


impec^ents,  and  the  great  difficulty  of 
cleaning  it  out,  it  is  seldom  met  with. 
It  has,  from  its  specious  appearance  of 
seeming  to  throw  the  entire  weight  of 
water  that  it  is  raising  upon  its  axles, 
and  the  little  friction  with  which  these 
may  be  made  to  move  by  friction  rollm, 
had  astonishing  powers  ascribed  to  it ; 
but  if  investigate,  it  will  be  found  that 
the  water  is  merely  made  to  flow  up  an 
inclined  plane ; and  whether  water,  or 
any  other  weight  be  drawn  up  a fixed 
incUned  plane,  or  it  be  stationary  until 
moved  by  an  inclined  plane  being  forced 
under  it,  as  is  the  case  with  the  quanti- 
ties of  water  contained  in  the  several 
bends  »,  u,  tc,  x,  8cc.  the  mechanical 
effort  will  be  the  same  ; consequently, 
this  machine  possesses  no  other  meeJm- 
nical  advantage  over  other  construc- 
tions of  pumps,  except  that  its  motions 
are  attended  by  less  friction  than  be- 
longs to  most  of  them. 

The  principle  of  the  Archimedian 
Screw  is  occasionally  adopted  in  the 
wheel-form,  by  making  the  spokes  or 
radii  hollow  and  curv^,  as  shown  at 
eee  C/^g.4.) : but  in  this  way  the  wa- 
ter cannot  be  raised  higher  than  the 
centre  or  axis  of  the  wheel ; for  the  hol- 
low spokes  being  open  at  the  circum- 
ference of  the  wheel,  dip  into  the  water 
and  receive  their  supply,  which,  from 
the  wheel's  motion,  and  their  peculiar 
form,  is  carried  to  the  axis ; which  may 
either  be  hollow  to  receive  and  carry 
away  the  water,  or  a cistern  may  be 
placed  under  it  to  receive  the  water  from 
the  arms. 
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Hie  Budta-Ei^ne  end  Cham-Pmtp 
ere  but  modificetious  of  the  ebove-de- 
scribed  mechines,  end  ere  very  useful  in 
perticuler  situetions.  The  chein-pump 
IS  shown  et  fig.  6,  and  consists  of  a 
number  of  flat  plates  or  discs  of  wood 
or  metal  ddd,  wWh  are  usually  square, 
and  are  connected  together  through 
their  centres  by  an  iron  rod,  with  joints 


between  each  board,  so  as  to  permit 
them  to  trtm  with  nearly  the  same  free- 
dom as  if  they  were  connected  by  a 
chain.  The  chain  of  plates  so  formed  is 
supported  and  kept  m its  place  by  two 
wheels  e and  /,  each  being  frimished 
with  double  projecting  arms  to  lay  hold 
of,  and  support  the  plates  in  succession, 
and  in  such  manner,  that  if  the  uppa 
wheel  e is  turned  by  a winch,  it  will 
cause  the  whole  chain  to  move,  one  side 
of  it  passing  upwards,  while  the  other 
descends  continually  in  the  same  direc- 
tion. The  ascending  side  of  the  chain 
is  made  to  pass  tlmugh  a consider- 
able length  of  square  box  or  trunk 
which,  Iw  fitting  pretty  closely  to  the 
plates,  forms  the  pump.  The  lower 


wheel/,  as  well  as  the  lower  end  of  the 
trunk,  must  be  under  water,  and  the 
chain  of  plates  passing  upwiuds  through 
the  trunk,  produces  a succession  of 
chambers  or  cavities  that  become  filled 
with  water,  which  is  eventually  dis- 
charged from  the  top.  From  the  for- 
mation of  this  pump,  it  requires  to  work 
in  deep  water,  and  consequently  cannot 
drain  a reservoir  to  the  bottom ; but  it 
bas  the  advantwe  of  not  being  liable  to 
choke,  and  will  even  bring  up  mud, 
stones,  and  such  weeds  and  chips,  as 
would  entirely  destroy  the  operations  of 
a more  perfect  machine  ; and  notwith- 
standing it  may  be  supposed  to  lose 
much  of  its  power,  owing  to  the  plates 
not  fitting  veiy  accurately  into  the  trunk, 
yet  as  an  upper  chamber  can  only  leak 
into  one  that  is  below,  and  the  motion 
of  the  plates  is  very  rapid,  it  will,  when 
properly  constructs,  bring  up  a veiy 
considerable  quantity  of  water ; and  it 
is,  on  this  account,  more  frequently  used 
than  any  other  sort  of  pump,  in  drain- 
ing the  water  from  foundations,  in  the 
construction  of  bridges,  docks,  and  large 
works.  If  the  top  and  bottom  wheels  t 
and  / are  auppos^  to  be  retained,  while 
fihe  trunk  is  taken  away,  and  a num- 
ber of  buckets,  similar  to  those  upon 
the  wheel  (fig.  4.),  are  attached  to  the 
chain,  instead  of  the  square  plates  ddd, 
then  the  machine  becomes  a bucket-en- 

?'ne,  which  is  but  another  form  of  the 
ersian  wheel  already  described.  Thrae 
are  many  more  machines  of  this  class 
for  raising  water,  but  the  examples  al- 
ready given  embrace  the  principles  of 
most  of  them,  and  it  would  be  quite  be- 
yond the  limits  of  this  work  to  attempt 
to  describe  the  whole  of  them. 

The  Rope-Pump  of  Vera,  described 
in  most  books  on  Hydraulics,  consists 
likewise  of  an  upper  and  lower  pull^, 
formed  in  the  ordinary  manner,  but  with 
several  grooves  in  each,  in  which  end- 
less ropes  of  very  loosely  spun  horse- 
hair or  wool  are  made  to  move  with 
great  rapidity  by  a multiplying  wheel 
connected  with  the  upper  pulley.  The 
lower  pulley,  together  with  a great  p^ 
of  the  rope,  moves  in  the  water,  which 
is  merely  brought  up  by  adhering  to  the 
ropes  and  the  rapidity  of  their  motion. 
This,  therefore,  is  but  a very  imperfect 
and  rude  kind  of  bucket-pump,  and  is 
by  no  means  deserving  the  place  it  has 
so  long  held  in  the  catalog  of  Hy- 
draulic machines. 

The  second  class  of  contrivances  for 
raising  water,  or  that  in  which  they  act 
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by  thno»pheric  pressure,  comprises  ell  ton-rod  o,  mored  by  the  lerer  pp,  or 
(hose  machines  to  which  the  name  of  any  other  contrivance  ; q is  the  suction 
pump  is  more  particularly  applied.  Of  or  feeding  pipe,  descendine  into  the  jar 
imps  there  are  several  varieties  ; but  of  water  r r,  which  would  be  a well  or 

e simplest  and  most  common  is  the  other  reservoir  in  an  actual  pump,  t a 

ordinary  li/1,  or  Noueeho/d  Pun^.which  valve  at  the  bottom  of  the  barrel  cover- 

depends  chiefly  on  the  pressure  of  the  ing  the  top  of  the  feeding-pipe,  and  < . 

atmosphere  for  its  action.  This  useful  a valve  in  the  piston,  both  which  valves 

machine  is  one  of  great  antiquity,  its  open  upwards ; u u is  an  open-topped  I 

invention  being  ascribed  by  Vitruvius  to  receiver  for  supporting  the  pump  above 

Ctesebes  of  Alexandria,  before-men-  the  jar  of  water  r r.  Raising  the  piston  ! 

tioned  ; but  the  principles  upon  which  n from  the  bottom  to  the  top  of  the  liar- 

if  acts  were  not  understood  until  long  rel,  will  produce  a vacuum  in  the  bar- 

afterwards,  as  appears  by  the  very  lame  rel  between  n and  »,  and  the  pressure  of 
explanation  of  them  that  is  attempted  the  air  upon  the  surface  of  the  water  at 

by  Galileo  towards  the  beginning  of  the  rr,  will  force  a quantity  of  that  water 

seventeenth  century.  The  nature  of  at-  up  q,  through  the  valve  *,  into  the  in-  ' 

mospheric  pressure  was  not,  however,  terior  of  the  barrel,  where  it  will  be  re-  ! 

at  this  time  at  all  understood  ; and  it  is  tained,  because  it  cannot  pass  back  I 

a curious  fact,  that  the  experiments  again  through  * ; when  the  piston  n is  I 

made  upon  this  now  common  machine  lowered,  it  can  pass  tlirough  the  water  ' 

should  nave  led  to  the  invention  of  the  previously  raised,  because  its  valve  t I 

barometer,  by  which  the  variations  of  willopen.andthusitgetstotheliottomof 
the  atmosphere  have  since  been  so  ac-  the  barrel.  On  raising  the  piston  a second 
curately  investigated.  time,  the  water,  which  has  so  passed 

The  form  and  construction  of  the  com-  through  it,  will  be  carried  up  by  it  into 

mon  lift-pump  is  shown  in  section  at  the  cistern  o,  from  whence  it  will  be  dis- 

0g.  7,  in  which  m m is  the  cylinder  or  charged  by  the  spout  c,  while  a new 

vacuum  is  forming  between  n and  t, 
which  will,  of  course,  be  supplied  as  ' 

before  with  water ; and  thus  it  will  ap- 
pear, that  the  common  water-pump  is 
rather  a pneumatic,  than  an  hydraulic 
machine,  because  it  raises  water  only 
by  the  production  of  a vacuum  within 
the  working  barrel ; in  consequence  of 
which,  the  external  atmospheric  pres- 
sure is  called  into  action,  and  forces  the 
water  of  the  well  up  the  suction-pipe. 

The  consequence  of  this  is,  that  it  the 
piston,  at  its  greatest  elevation,  should 
at  any  time  exceed  the  distance  of  thirty, 
three  feet  from  the  surface  of  the  water 
in  the  well,  the  working  of  the  pump 
may  not  produce  a sufficiently  perfect 
vacuum  to  raise  the  water. 

It  may  not  be  amiss  to  notice  a frequent 
error  in  the  construction  of  pumps,  which 
is  very  detrimental  to  their  action, 
namely,  making  the  feeding-pipe,  or  that 
pipe  which  proceeds  from  the  water  to 
be  raised,  to  the  bottom  of  the  working 
barrel,  of  too  small  a capacity,  under  a 
notion,  that  if  this  pipe  is  large,  the  pis- 
ton in  ascending  will  have  to  raise  and  | 

draw  after  it  a much  thicker  column  of  | 

water,  and  consequently  a much  greater  I 

load  than  is  necessary.  The  fallacy  of 
this  supposition  is  clearly  shown  in  the 
Treatise  upon  Hydrostatics;  for  whe- 
barrel,  n an  air-tightpiston, which  moves  ther  a column  of  water  be  pressing 
or  works  within  it,  by  means  of  the  pis*  downwards  upon  a piston,  or  be  under- 
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B«afh  an  ascending  piston,  and  is  drawn 
upwards  by  it,  as  is  the  case  in  a pump, 
the  circumstances  of  pressure  will  al- 
ways remain  the  same,  and  will  be  re- 
gulated only  by  the  perpendicular  height 
and  horizontal  section^  area  of  the  co- 
lumn. The  working  barrel  of  the  pump, 
or  the  piston  that  works  in  it,  wBl 
therefore  always  determine  the  area  of 
the  column  ; and  whether  the  pipe  that 
carries  the  water  up  into  it,  or  upwards 
from  it,  be  greater  or  less,  the  effective 
force  to  work  the  pump  will  be  the 
same,  friction  only  excepted. 

Notwithstanding  the  eommon  lifting 
pump  is  incapable  of  raising  water  from 
more  than  33  feet  (or  rather  30  feet) 
below  the  place  where  it  may  be  fixed, 
yet  it  may  be  made  to  deliver  water  at  al- 
most any  required  height  above  its  piston 
by  the  application  of  a continued  straight 
pipe  instead  of  the  cistem-head  shown 
at  0 r in  the  last  figure.  Thus  if  that 
cistem-head  and  spout  be  supposed  to 
be  taken  away,  and  20  or  30  feet  of  close 
iron  pipe  to  be  added  to  the  top  of  the 
working-barrel  m m,  since  the  water 
once  raised  cannot  pass  downwards 
again  through  the  valve  ( in  the  piston 
or  bucket  fn,  it  must  continue  to  rise 
with  each  stroke  of  the  pump,  until  at 
length  it  will  flow  over  the  top  of  the 
pipe,  or  throi^h  a spout  inserted  in  any 
pi^  of  its  side.  In  this  case  atmos- 
pheric pressure  has  nothing  to  do  with 
the  elevation  above  the  piston,  conse- 
auently  it  may  be  carried  to  any  height 
wat  the  strength  of  the  pump  will  admit 
of,  but  the  handle  pp  (or  any  other  con- 
trivance by  which  the  pump  is  worked) 
must  be  fixed  above  the  top  of  this  pipe, 
and  the  piston-rod  o must  be  equal  m 
length  to  the  pipe  in  order  to  keep  the 
working-barrel  within  the  limits  of  at- 
mospheric pressure,  which  makes  this 
arrangement  of  pump  inapplicable  to 
very  great  depths  on  account  of  the 
bending  of  the  piston-rod.  Where  cast- 
imn  pipes  are  used,  this  may  be  in  a 
great  measure  prevented  by  placing 
small  pieces  with  projecting  arms  of 
sufficient  length  to  touch  the  inside  of 
the  pipe  at  each  joint  of  the  piston-rod, 
or  about  10  or  12  feet  asunder,  when 
this  pump  may  be  used  for  considerable 
depths  with  axlvantage. 

In  using  pumps  to  draw  muddy  or 
sandy  water,  it  is  ahvnys  advisable  to  set 
the  bottom  of  the  pump  in  a close  wicker 
basket  or  other  strainer,  because  sand 
and  small  stones  very  soon  destroy  the 
leather  and  working  parts  of  any  pump ; 


and  when  pumps  are  used  for  hot  li- 
quors, which  is  the  case  in  many  manu- 
fwtories,  thick  hempen  canvass  must 
be  substituted  for  leather,  unless  the 
valves  and  piston  are  made  entirely  of 
metal. 

As  the  above-described  pump  acts 
entirely  by  atmospheric  pessure,  and 
is  therefore  incapable  of  drawing  water 
from  a greater  depth  than  from  30  to  33 
feet,  it  will  at  once  appear  that  it  is 
inapplicable  to  mines,  or  those  situations 
in  which  it  may  be  necessary  to  bring 
water  from  great  depths,  or  to  raise  it 
to  great  elevations.  Whenever  this  re- 
quires to  be  done,  the  third  class  of 
pumps  or  machines  must  be  resorted  to, 
or  those  which  act  by  mechanical  force 
or  compression,  instead  of  atmospheric 
pressure  alone ; and  all  pumps  of  this 
description  are  very  properly  denomina- 
ted Forcing-pumps.  Although  atmos- 
pheric pressure  is  not  necessary  to  the 
construction  of  forcing-pumps,  yet  it  is 
in  most  cases  resorted  to  for  raising  the 
water  in  the  first  instance  into  tlie  body 
of  the  pump  where  the  forcing  action 
commences  and  takes  place  ; and  when 
so  constructed,  such  pumps  are  gene- 
rally called  lift  and  force  pumps,  and  in 
all  the  machines  of  this  description  the 
water  may  be  raised  to  any  required 
height  witnout  limit,  provided  there  is 
sufficient  power  to  work  the  pump,  and 
the  pipes  and  materials  of  the  machine 
are  strong  enough  to  bear  the  pressure 
of  the  perpendicular  column  of  water. 

Forcing-pumps  do  not  differ  mate- 
rially in  construction  from  the  common 
lifting  or  household  pump  already  de- 
scribed ; indeed  that  pump,  by  a mere 
inversion  of  its  parts,  may  be  made  into 
a forcing-pump,  that  is  to  say,  placing 
the  piston  below,  and  the  stop-valve  and 
delivering  pipe  above,  as  shown  at  Jig, 
8,  where  hn  shows  the  inverted  worC- 
ing  barrel,  and  « the  inverted  piston  and 
rod  with  a valve  opening  upwards  ; k is 
the  stop- valve  pla^  at  the  top,  instead 
of  the  bottom  of  the  barrel,  and  also 
opening  upwards  into  the  rising  pipe  1 1. 
which  may  be  continued  to  any  required 
height  ■ the  lower  end  of  the  worliing- 
barrel  is  quite  open,  and  must  stand  in, 
and  be  covered  with  the  wafer  it  has  to 
raise,  so  that  no  suction  or  feed  pipe  is 
necessary  to  this  pump,  and  the  piston 
I may  be  worked  by  a handle  and  series 
of  levers  m,  n,  o,  or  in  any  other  conve- 
nient manner.  After  the  description 
already  given  of  the  common  lift -pump, 
it  will  be  needless  'to  say  any  thing  on 
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the  action  of  thii  marine,  aa  it  U pre- 
■umed  the  figure  will  raider  it  suffi- 


and  downwards,  the  barrel  will  Ik  filled 
through  the  piston-valve  at  each  down- 
stroke,  and  at  each  up-stroke  its  con- 
tents will  be  expelled  through  the  stop- 
valve  k into  the  ascending  pipe  1 1;  and 
whatever  the  diameter  of  this  pipe  may 
be,  still  its  resistance  will  constantly  be 
eoual  to  the  weight  of  a column  of  water 
or  the  size  of  the  working-barrel,  and  of 
a height  equal  to  the  pnyiendi'culcir  alti- 
tude of  the  water  in  the  ascending  pipe ; 
for  this  pipe  may  be  placed  horizontally 
or  obliquely  so  as  materially  to  alter  its 
length,  Wt  it  is  the  perpendicular  height 
between  the  surface  or  the  water  to  be 
raised  and  its  point  of  discharge,  which 
must  alone  be  taken  into  account  in  es- 
timating the  load  upon  a pump,  since 
increase  of  lei^h,  without  he^ht  in 
the  pipe,  produces  no  other  resistance 
than  that  of  friction,  which  is  easily 
overcome  by  increasing  the  capacity  of 
the  pipe. 

It  may  appear  that  the  above  pump  is 
applicable  to  every  purp^  and  to  every 
situation,  such  as  raising  water  from 
mines  and  the  deepest  plMes ; but  this 


is  not  the  case,  owing  to  the  almost 
imperceptibly  small  elasticity  of  water, 
and  the  effects  of  the  vit  inertiee,  which 
belongs  to  fluids  in  common  with  solid 
matter.  In  working  the  pump  shown  in 
the  last  figure,  if  we  presume  the  pipe  1 1 
to  be  full  of  water,  that  water  has  not 
sufficient  elasticity  to  permit  the  barrel 
A A to  discharge  its  contents  through  the 
valve  k without  putting  all  the  water 
contained  in  / / into  motion,  while,  when 
the  piston  descends,  that  motion  will  be 
at  an  end.  The  water  in  //  will  there- 
fore be  in  an  alternate  state  of  rest  and 
motion  ; and  if  the  column  is  long,  and 
its  quantity  great,  the  vis  inertia  will 
be  very  considerable,  that  is  to  say,  it 
will  require  a considerable  exertion  of 
force  to  get  it  from  a state  of  rest  into 
motion  ; and  when  it  has  once  begun  to 
move,  it  will  have  no  immediate  ten- 
dency to  return  again  to  rest,  but  might 
be  continued  in  its  motion  with  less 
force  than  that  which  was  originally 
employed  to  move  it.  The  descent  of 
the  piston,  however,  allows  sufficient 
time  for  all  the  motion  that  was  com- 
municated to  be  completely  lost ; and 
hence  in  working  this  pump  we  not  only 
have  the  weight  of  the  column  to  over- 
come, but  the  natural  inertia  to  combat 
with  at  every  stroke.  Tliis  may  in  great 
measure  be  removed  by  keeping  two,  or 
what  is  still  better,  three  pumps  con- 
stantly at  work  hy  what  is  called  a triple 
or  three-throw  crank ; and  accordingly 
this  expedient  is  generally  resorted  to 
in  all  small  engines  for  throwing  water 
to  a great  height : for  by  this  means  the 
water  is  never  permitted  to  stand  still  in 
the  pipes,  but  a constant  flow  or  stream  is 
muntained.  The  triple  crank  is  an  axle 
of  iron,  bent  into  the  form  shown  at  flg. 
9,  so  as  to  form  three  elbows  v u tp, 
to  each  of  which  the  piston-rod  of  a 
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pump  is  attached  by  a swivel-joint,  the  piston  ascends,  but  not  permitting  it 
while  the  whole  revolves  on  two  end-  to  return  again : so  that  whenever  tlie 
bearings  or  pivots  xy.  The  conse- 
quence of  this  is,  that  while  the  piston- 
b connected  to  the  crank  to  is  at  the 
very  lowest  point  or  bottom  of  its  stroke, 
the  piston-rod  a with  its  crank  u is  very 
nearly  at  its  greatest  height,  but  the  rod 
z and  the  crank  v arc  horizontal  and  in 
the  middle  of  their  stroke:  the  pump 
connected  w ith  v would  therefore  be  the 
only  active  one  in  the  present  state  of 
things,  but  if  the  crank  is  supposed  to 
be  in  motion,  before  the  rod  z gets  to 
the  bottom,  b will  have  begun  its  as- 
cending and  a its  descending  stroke,  so 
that  by  this  contrivance  one  pump  is 
always  brought  into  effective  action  just 
before  another  ceases  to  act,  and  thus  a 
constant  stream  is  produced.  To  give 
the  triple  crank  its  most  perfect  action, 
the  three  cranks  or  arms  should  make 
angles  of  120  degrees  with  each  otlier, 
or,  when  viewed  from  either  end  x or  y, 
should  stand  like  the  three  radii  cd» 
drawn  separately  under  the  last  figure. 

In  most  cases  of  raising  water,  the 
fbrcing-pnmp  may  be  resorted  to  with 
ad\  sntage,  particularly  when  the  pump 
is  of  large  dimensions,  and  the  height 
to  which  the  water  is  to  be  raised  is 
great,  for  this  might  endanger  the  dis- 
tortion or  breaking  of  the  crank  above- 
described.  The  forcing- pump  is  like-  piston  is  raised  bv  its  handle  g,  the  bar- 
wise  generally  used  in  conjunction  with  rel  will  be  filled  with  water  forced  up 
an  air-vessel,  or  stroi^  metallic  box  to  the  pipe  A by  atmospheric  pressure ; and 
contain  condensed  air,  the  spring  or  when  the  piston  descends  again,  since 
elasticity  of  which  enables  this  pump  to  there  is  no  valve  in  it  to  permit  the 
produce  all  the  beneficial  effects  of  a water  to  pass  through  it,  it  will  be  forced 
constant  current  with  one,  or  at  most  up  the  lateral  pipe  I (opening  into  the 
two  working-barrels,  instead  of  the  bottom  of  the  workin^-baml,)  and 
three  that  are  necessary  with  the  triple  through  the  valve  m,  which  prevents  its 
crank,  and  thus  a considerable  porbon  returning  back  again,  so  that  it  is  con- 
of  friction  is  avoided.  strained  to  find  its  way  up  the  rising 

The  forcing-pump  is  made  in  two  pipe  pp  fixed  above  the  v^ve  m,  and 
forms,  suited  to  the  situation  and  cir-  this  pipe  may  be  continued  to  any  re- 
cumstances  under  which  it  has  to  work,  quired  height  without  regard  to  the 
The  simplest  and  best  construction  is  pressure  of  the  atmosphere,  since  the 
shown  at  Jig.  10.  It  consists  of  a ascent  of  the  water  does  not  depend 
truly-bored  cylindrical  working -barrel  upon  its  action,  but  upon  the  mechani- 
f f,  the  top  oi  which  is  quite  open  to  cal  force  that  is  applied  to  the  handle  g 
admit  the  solid  piston  t , which  works  in  to  depress  the  piston.  While  the  piston 
it  in  a perfectly  air  and  water  tight  rises  to  fill  the  working -barrel,  the  valve 
state,  by  means  of  the  lever  or  handle  m will  be  shut,  and  of  course  all  motion 
gg,  or  any  other  or  more  convenient  of  the  fluid  in  the  pipe  pp  will  cease, 
application  of  power : A is  the  feeding-  and  hence  the  use  of  the  air-vessel  n ; 
pipe,  dipping  into  the  water  to  be  rais^  for  it  will  be  seen  that  the  pipe  pp  is 
as  in  any  other  pump,  and  this  pipe  may  not  joined  on  immediately  above  the 
of  course  be  made  of  any  length  under  valve  m,  but  that  it  passes  through  the 
33  feet ; A is  the  stop-valve,  covering  top  of  an  air-tight  copper  or  other  hol- 
the  top  of  the  feed-pipe,  and  permitting  low  vessel  n,  and  proceeds  nearly  to  the 
water  to  rise  into  the  worldng-barrel  as  bottom  of  it.  Air  being  a lights  fluid 
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than  water  will  of  course  occupy  the 
upper  part  of  this  vessel,  amt  as  soon 
as  the  action  of  the  pump  has  filletl  it 
with  water  up  to  the  line  on,  or  just 
above  the  lower  cml  of  the  open  pipe 
pp,  all  air  that  is  above  the  water  will 
De  confined  and  unalde  to  escape.  If 
now  the  working  of  the  piston  be  siip- 
nose<l  to  throw  water  more  rapidly  into 
the  air-vessel  than  it  can  esca)ie  by  the 
pijw  pp,  it  is  evident  that  such  confined 
air  will  be  condensetl  into  less  compass 
than  it  naturally  occupies,  in  order  to 
make  room  for  the  water;  and  as  the 
elasticity  of  air  is  constant  and  increases 
in  power  with  its  degree  of  condensation 
without  limitation,  so  the  spring  of  the 
air  in  the  air-vessel  will  become  a coun- 
terpoise, or  equivalent  for  any  height  to 
which  the  pipepp  may  l>e  carried  ; and 
although  the  water  in  the  pump  ex- 
plained at  page  12,  (/ig.  8.)  would  not 
admit  of  condensation,  so  as  to  permit  a 
fresh  quantity  of  water  to  enter  the  as- 
cending pipe  without  putting  all  its 
contents  into  motion,  yet  the  introduc- 
tion of  the  air-vessel  obviates  this  diffi- 
culty, for  now  the  new  quantity  of 
water  is  not  delivered  into  a former 
quantity  of  inelastic  water,  but  into  a 
vessel  filled  with  air  which  readily  al- 
lows a change  of  dimensions ; and  while 
the  piston  i (_fig.  10.)  is  rising  and  pro- 
jecting no  water,  the  previously  con- 
densed air  in  n has  time  to  re-expand 
into  its  former  volume,  by  expelling  an 
equivalent  quantity  of  water  up  the  pipe 
pp,  and  thus,  if  the  air-vessel  is  large 
enough,  a constant  and  equable  current 
may  be  maintained. 

Fig.  1 1 shows  the  other  form  of  the 
forcing-pump,  though  this  construction 
is  generally  called  The  Lift  mid  Force- 
pump.  Its  formation  is  the  same  as  the 
last -described  figure,  except  that  the 
piston  is  not  solid,  but  is  perforated, 
and  covered  by  a valve  opening  upwards, 
as  in  the  common  lifling-pump : the  pis- 
ton-rod q likewise  moves  in  an  air-tight 
manner,  through  a stuffing-box,  or  collar 
of  leather,  on  the  top  of  the  working- 
barrel,  which  in  this  case  is  closed  ; and 
the  lateral  delivering-pipe  with  its  air- 
vessel  proceeds  from  the  upper,  instead 
of  the  lower,  part  of  the  worKing-barrel, 
This  pump  not  only  has  the  stuffing- 
box,  but  three  valves,  instead  of  two  as 
in  the  last  example.  It  is  consequently 
rather  more  ititricale  and  expensive  in 
its  construction,  with  no  other  advan- 
tage than  that  it  is  rather  more  cieanly 
in  Its  working ; for  if  the  piston  of  the 


former  pump  is  not  quite  water-tight,  a 
quantity  of  water  may  flow  over  the 


open  top  of  its  working-barrel,  which 
cannot  be  the  case  in  this  pump  if  well 
made.  Their  action  is  very  nearly  alike, 
for  this  last  pump  raises  water  through 
the  suction-pipe  h by  the  elevation  of  the 
piston  t : on  depressing  the  piston,  that 
water  passes  through  it  by  its  valve, 
and  gets  above  it  to  fill  the  upi>cr  part 
of  the  working-barrel ; on  the  re-ascent 
of  the  piston,  the  water,  being  unable 
to  escape  at  the  top  of  the  barrel  on 
account  of  the  cover  and  stuffing-liox  x, 
is  forced  up  the  lateral  pipe  I into  the 
air-vessel,  and  from  thence  passes  away 
by  the  ascending  pipe  p ns  before.  The 
fimt  pump  raises  water  by  the  down  and 
this  by  the  up  stroke  ; but  this  is  easily 
changed  if  required,  by  adopting  a lever 
of  the  first,  instead  of  one  of  the  second 
kind,  as  shown  in  the  figures. 

The  air-vessel,  shown  in  this  figure, 
likewise  differs  from  that  in  fg.  10, 
because  the  delivering  pipep  of  the  first 
passes  through  the  top,  and  the  latter 
through  the  bottom  of  the  air-vessel ; 
but  they  both  proceed  from  near  the 
bottom,  and  in  either  case,  when  the 
water  has  ri.sen  to  the  dotted  line  o a,  so 
as  to  cover  the  lower  end  of  this  pipe, 
the  air  will  be  confined,  and  their  opera- 
tions must  be  alike.  The  air-vessel 
must  be  suited  in  its  capacity  to  the 
m^nitude  of  the  pump  or  pumps  that 
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liver  water  into  it,  (tor  sever^  pumps 
are  frequently  made  to  open  into  one 
common  air-vessel,)  and  ought  in  all 
cases  to  contain  at  least  six  or  eight 
volumes  of  the  pump,  in  order  that  the 
increasing  expansive  force  of  the  air 
may  nut  influence  the  motion  of  the 
piston  during  a single  stroke : but  for 
this  no  precise  rule  can  be  given,  as  the 
relative  dimensions  may  vary  to  suit 
the  circumstances  of  the  case.  These 
forcing-pumps  with  air-vessels  are  now 
very  generally  adopted  in  Water- Works 
for  supplying  cities  or  towns ; and  the 
height  at  which  the  water  is  at  any  time 
delivering  may  be  very  nearly  estimated 
if  the  air-vessel  is  large,  and  the  supply 
equable,  by  examining  the  degree  of 
condensation  of  tlie  air  within  it.  This 
is  very  conveniently  done  by  a gauge, 
consisting  of  a glass  tube  with  a close 
top,  applied  by  a stop-cock  to  the  lower 
part  of  the  air-vessel,  or  that  which  is 
always  filled  with  water:  thus,  r t (Ji^. 
10.)  represents  such  a tube,  and  as  it 
has  an  open  communication  with  the 
air-vessel  when  the  cock  t is  open,  the 
air  in  the  top  of  the  tube  w ill  suffer  tlie 
same  condensation  as  that  within  the 
vessel.  The  height  of  the  space  occu- 
pied by  air  within  the  tube  must  be 
measured ; and  as  the  air,  at  its  ordinary 
density,  will  balance  a column  of  water 
33  feet  high,  so  if  confined  air  is  loaded 
with  tlie  weight  of  such  a column,  it 
will  shrink  or  be  condensed  into  half  its 
former  bulk.  Whenever,  therefore,  the 
air  contained  in  the  tulie  r is  diminished 
to  half  its  original  length,  the  conden- 
sation within  the  air-vessel  must  be 
equal  to  two  atmospheres,  or,  what  is 
the  same  thing,  the  water  in  the  ^ipe 
pp  must  stand  at  the  elevation  of  33 
feet.  If  the  water  in  pp  is  raised  to 
twice  33  feet,  or  fiC  feet,  then  the  con- 
densation w ithin  the  air-vessel  must  be 
equal  to  three  atmospheres,  and  the  air 
within  it,  as  well  as  within  the  tube,  will 
be  diminished  to  one-third  of  its  origi- 
nal bulk.  One-fourth  of  the  bulk  will 
indicate  four  atmospheres  of  condensa- 
tion, and  be  equal  to  the  elevation  of 
tlie  water  column  to  132  feet,  and  so 
on,  more  or  less,  as  the  barometer  may 
vag- 

That  useful  machine,  the  Fire-engine, 
or  engine  for  extinguishing  fires,  is 
nothing  more  than  two  forcing-pumps 
of  the  construction  shown  at  fig.  10, 
working  into  one  common  air-vessel 
placed  between  them,  and  from  which 
(be  spouting  pipe  for  directing  the  water 


upon  the  fire  proceeds.  The  handles 
are  so  disposed,  that  while  the  piston  of 
one  pump  is  up  the  other  is  dow  n ; and 
they  are  elongated  for  the  purpose  of 
enabling  a great  number  of  men  to  w ork 
them  at  the  same  time,  for  the  purpose 
of  throwing  a very  large  quantity  of 
water,  which  is  rendered  a continuous 
stream  by  the  action  of  the  air-vessel. 
It  is  curious  that  the  most  ancient  pump 
we  are  acquainted  with,  namely,  tliat  of 
Ctesebes,  at  least  as  it  is  handed  down 
to  us,  very  closely  resembles  the  present 
fire-engine,  for  it  consists  of  two  forc- 
ing-pumps, disposed  as  just  described ; 
but  inslead  of  discharging  their  con- 
tents into  an  air-vessel,  they  merely 
deliver  them  into  an  intermediate  close 
cistern,  from  which  the  water  ascends 
by  a perpendicular  pipe,  and  in  w hich 
nothing  is  wanting  but  the  condensation 
of  air*.  It  must,  however,  be  observed, 
that  both  the  pumps  shown  at  figs.  10 
and  11,  would  be  forcing-pumps  without 
their  respective  air-vessels  ; and  though 
they  act  much  more  advantageously 
with  them,  they  are  sometimes  con- 
structed without  these  useful  appen- 
dages. 

A pump,  the  invention  of  M.  de  la 
Hire,  produces  the  full  effect  of  two 
pumps  with  the  friction  of  one  only,  for 
it  is  a lift  and  force  pump  that  raises  an 
equal  quantity  of  water  by  its  up  and 
down  stroke.  But  few  instances  of  its 
adoption  occur,  and  considering  its  ad- 
vantages, it  is  surprising  that  it  is  not 
more  frequently  put  into  ] ractice.  It 
is  shewn  in  section  at  fig.  \2,  tt  being 
the  working  barrel,  in  i hich  the  solid 
piston  0 moves  up  and  down,  u is  the 
feeding-pipe,  and  le  the  stop-valve  upon 
it ; a:  is  a lateral  pipe  proceeding  up- 
wards from  the  bottom  of  the  working 
barrel,  until  it  terminates  in  the  under 
part  of  the  air  vessel  y,  such  termina- 
tion being  closed  by  a valve  opening  up- 
wards into  tlie  air-vessel,  from  which  z 
is  the  discharging-pipe.  So  far  this 
pump  precisely  resembles  that  shewn 
and  descnlied  by  fig.  10,  both  in  con- 
struction and  action  ; but  in  the  present 
pump,  instead  of  the  working-barrel  1 1 
being  open  at  its  top,  it  is  closed  by  a 
cap,  and  the  piston  rod  a a works  in  an 
air-tight  manner  through  the  stufiing- 
box  £,  consequently  when  the  piston  is 
depressed  to  expel  the  water  out  of  tlia 
lower  part  of  the  working-barrel  into 

• 8m  CleMbM'i  Pump.  »rtid<  “ Pomp."  ia  Dr. 
Hauaa'i  MatlMiaauoal  DtctiaBary,  toL  u.  p,  38^ 
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the  air-vessel  throueh  the  pipe  x,  a va- 
cuum will  be  formed  in  the  upper  part 


of  the  working-barrel,  and  this  is  sup- 
plied by  water  throi^h  a second  feeding- 
pipe  c also  descending  into  the  well,  and 
having  a stop-valve  d applied  to  it  in  a 
chamber  or  cavity  e formed  for  that  pur- 
pose ; the  upper  part  of  this  second 
suction-pipe  opens  into  the  top  of  the 
working-barrel  above  the  greatest  height 
to  which  the  piston  can  ascend,  and  thus 
by  its  descent  is  that  part  of  the  barrel 
which  is  above  the  piston  completely 
filled  with  water,  while  the  lower  part  of 
it  is  emptying ; and  when  the  piston  as- 
cends again,  all  the  water  that  has  been 
so  deposited  above  it,  is  forced  up  the 
pipe / into  the  same  air-vessel  y.  The 
pipe  / is  likewise  closed  at  its  upper 
end  by  a valve  opening  upwards  to  pre- 
vent uie  return  of  the  water  when  the 
piston  descends ; and  thus  by  the  alter- 
nate action  of  one  piston  moving  in 
one  barrel  is  all  the  beneficial  efi'ects  of 
two  pumps  produced  with  the  fiiction 
of  only  one. 

Since  it  is  impossible,  when  a pump 
is  well  made  and  is  in  good  order,  that 
its  piston  can  move  without  displacing 
the  water  that  Ls  above  or  below  it,  ac- 
cording to  the  circumstances  of  its  con- 
struction, so  in  all  pumps  that  consist 


of  cylindrical  workup-barrels  and  pis- 
tons, nothing  more  is  necessary  to  as- 
certain the  quantity  of  water  they  will 
deliver,  than  to  calculate  the  solid  or 
cubical  contents  of  that  part  of  the  bar- 
rel in  which  the  vacuum  is  produced, 
and  to  reduce  it  to  some  standard 
measure,  and  then  to  multiply  this  by 
the  number  of  strokes  made  in  a given 
time:  thus  if  a pump  is  nine  inches 
diameter,  and  makes  an  effective  stroke 
of  about  eighteen  inches,  such  a cylin- 
der will  be  found  to  contain  about  1 134 
cubic  inches,  and  as  277i  cubic  inches 
make  an  imperial  gallon,  so  four  gal- 
lons will  be  equal  to  1109  cubic  inches; 
consequently  such  a barrel  will  contain 
and  throw  out  rather  more  than  four 
gallons  at  every  stroke,  and  supposing 
this  pump  to  make  ten  strokes  in  a 
minute,  it  would  yield  above  forty  gal- 
lons in  a minute,  or  sixty  times  that 
quantity  in  an  hour,  and  so  on.  This 
rule  applies  in  every  case,  whether  the 
water  is  sent  to  a small  or  great  eleva- 
tion, because  the  piston  cannot  move 
without  displacing  me  water  in  the  bar- 
rel ; but  a small  ahowance  must  be  made 
for  leaka^  or  waste,  because  some 
water  will  constantly  pass  the  piston 
and  escape,  or  be  otherwise  lost  and 
wasted. 

This  mode  of  calculation,  as  before 
observed,  only  applies  to  such  pumps 
as  have  cylindrical  working-barrels  and 
pistons,  but  sometimes  pumps  are  other- 
wise constructed,  of  wnich  the  fire-en- 
gine of  the  late  Mr.  Bramah,  and  the 
excentric  pump  are  instances.  In  the 
former  of  these  contrivances,  the  work- 
ing-barrel, instead  of  being  an  entire 
cylinder,  is  a semi-cylinder,  and  lies  ho- 
rizontally, while  the  place  of  a piston  is 
supplied  by  a parallelogram  of  the  same 
radius  and  length  as  the  semi-cylinder 
moving  by  an  iron  bar  passing  through 
its  axis,  and  properly  parked  at  its  ex- 
terior edges.  This  parallelogram  is 
made  to  vibrate  through  about  170  de- 
grees by  its  handles,  while  its  outer  edges 
keep  in  contact  with  the  interior  surface 
and  ends  of  the  semi-cylinder,  and  two 
feeding  and  two  delivering  valves  are 
placed  upon  the  flat  top  or  covering  of 
the  whole.  This  pump,  therefore,  in 
effect  is  the  same  as  that  of  M.  de  la 
Hire  last  described,  though  quite  dif- 
ferent in  form,  and  its  mode  of  opera- 
tion is  nearly  allied  to  The  Excentric 
Pump,  a section  of  which  is  shewn  a* 
fig.  13.  It  consists  of  a hollow  drum 
or  cylinder  of  metid  ad,  in  the  interior 
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of  trhich  t xdid  cjrlinder  b,  of  the  same 
length,  but  of  only  half  the  diameter  or 


larm  cylinder,  as  shown  in  the  figure ; 
and  the  circular  exterior  surface  of  the 
small  cylinder  is  equipped  with  four 
metal  flaps  or  valves  cccc,  turning  on 
hinges,  and  partaking  of  its  own  ctura- 
ture,  so  that  when  they  are  shut  down 
or  closed,  they  form  no  projections, 
but  eppcer  as  parts  of  the  same  cylin- 
der. These  naps  are  made  to  open 
either  by  springs  placed  underneath 
them,  or,  what  is  still  better,  by  two  cross 
wires,  sliding  through  the  internal  cylin- 
der in  such  manner  that  they  may  cross 
each  other  exactly  in  its  cen^,  by 
which  their  operation  will  be  rendered 
equable  in  every  part  of  their  revolu- 
tion. From  the  formation  of  this  ma- 
chine.when  one  of  these  flaps  is  brought 
by  the  revolution  of  the  internal  cyhn- 
der  between  itself  and  the  extmal  one, 
it  will  be  pressed  down  close  and  will 
shut,  but  as  the  inner  cylinder  moves, 
it  will  be  carried  into  a continually 
widening  space  until  it  arrives  at  a op- 
posite to  tne  last-mentioned  situation, 
when  the  cavity  formed  between  it  and 


ir 

the  smaller  and  larger  cylinder  will 
have  so  far  increased  as  to  form  a va- 
cuum, which  is  filled  with  water  by  tlie 
feeding  pipe  «.  This  cavity  is  no  sooner 
so  increased  to  its  largert  dimensions 
than  it  is  diminished  by  a continuation 
of  the  revolution,  in  consequence  of 
whioh  the  water  being  pent  up  and 
squeezed  into  less  compass,  makes  its 
escape  by  the  delivering  pipe/;  and  as 
each  of  the  flaps  peirorms  the  same 
operation  in  its  turn,  this  pump  aflbrds 
a very  equable  and  constant  supply  of 
water.  The  greatest  difficulty  m its 
construction  is,  that  of  keeping  the  sides 
of  the  flaps  so  packed  as  to  maintain  a 
perfect  contact  with  the  sides  of  the 
large  cylinder  without  unnecessary  fric- 
tion, a fault  which  equally  holds  good 
bi  Mr.  Bramah's  fire-engine,  in  all  ex- 
centric  pumps,  and  in  iul  the  rotatory 
steam-en^es  that  have  yet  been  in- 
vented. The  Excentric  Pump  is  of  the 
lift  and  force  varie^,  since  it  will  de- 
liver water  to  an  indefinite  height  above 
its  working  cylinder. 

The  fou^  class  or  division  of  pumps, 
or  rather  hydraulic  machines  for  raismg 
water,  consists  of  such  engines  as  aift 
either  by  the  graviw  or  weight  of  a por- 
tion of  the  water  they  have  to  raise,  or 
of  any  other  water  that  can  be  used  for 
such  purpose,  or  by  its  eentriiugtk 
force,  momentum,  or  other  nah^ 
powers  ; and  this  class,  therefore,  in- 
cludes some  very  beautiftil  and  truly 
philosimhical  contrivances,  too  numer- 
ous to  M described  in  these  limits : but 
the  Hungarian  machine,  the  Centri-, 
frigal  Pump  and  the  Water-Ram  offer* 
interesting  examples  of  the  general  na- 
ture and  construction  of  the  machines 
which  are  placed  under  this  division. 

The  Hungarian  machine,  so  called 
firom  its  having  been  employ^  in  drain- 
ing a mine  at  Chemnitz,  in  Hnnga^, 
piMuces  its  action  by  the  condensation 
of  a confined  portion  of  air  produced  by 
the  descent  of  a high  column  of  water 
contuned  in  a pipe,  and  therefore  acts 
with  a force  proportionate  to  the  weight 
of  such  column.  Its  general  form  is 
shown  at  Af-  1‘t.  hy  which  it  will  appear 
that  it  is  an  exceedii^ly  simple  and  use  ■ 
fid  machine,  admitting  of  many  modifi- 
cations and  applications,  but  it  can  be 
used  only  in  hiUy  countries,  or  situations 
where  the  source  of  water  by  which  it 
is  to  be  worked  is  as  much  above  the 
top  of  the  weU,  as  the  water  to  be  raised 
is  underneath  it.  In  this  figure  a is 
supposed  to  be  a well  or  the  shaft  of  a 
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mine,  from  the  bottom  of  which  it  is 
necessmy  to  raise  the  water  standing 


at  the  level  66.  cc'  is  the  surface  of 
the  ground  at  the  top  of  the  well  or 
shaft,  at  which  the  discharged  water 
must  have  an  opportunity  of  escaping, 
either  by  running  to  waste  or  being  con- 
verted to  some  useful  purpose ; and  d is 
the  spring  or  other  elevated  source  from 
whence  the  supply  of  water  for  working 
the  machine  may  be  obtained.  The 
machine  itself  consists  of  three  cisterns, 
chests,  or  reservoirs,  two  of  which  at 
e and  / must  be  made  very  strong,  and 
perfectly  air-tight,  while  the  thiid  at  d 
may  be'weaker  and  open  at  the  top,  as 
it  is  merely  for  collecting  and  retaining 
the  spring,  rain,  or  other  water  for 
working  the  machine.  The  lowest  close 
chest  or  reservoir  « must  be  suiA  be- 
low the  surface  6 6 of  the  water  in  the 
shaft  or  well  a,  but  must  not  come  into 
contact  with  its  bottom,  otherwise  the 
water  would  be  prevented  entering  the 
chest  by  the  valve  g,  which  opens  in- 
wards fbr  iu  admission.  An  open  pipe 


hh  passes  from  vetr  near  the  bottom 
of  this  cheat,  through  its  top,  in  an  air- 
tight  manner,  and  proceeds  upwanls  in 
tile  shaft  as  far  as  the  sipface  of  the 
ground,  where  it  bends  over  to  deliver 
Us  water  as  at  A c.  Another  open  pipe 
I I,  which  may  he  of  rather  smaller 
dimensions  than  the  last,  proceeds  from 
the  top  of  the  lower  chest  e to  very 
near  the  top  of  the  second  chest  f\  and 
a third  pipe,  A I,  of  the  same  capacity 
as  the  first,  proceeds  from  very  near  the 
bottom  of  the  second  close  chest,  up  to 
the  bottom  of  the  high  reservoir  d,  but 
has  a cock  or  valve  at  I,  by  which  it 
can  occasionally  lie  shut  or  opened,  A 
cock  or  valve,  of  large  dimensions,  is 
also  fixed  at  m,  by  which  the  second 
chest  / can  be  emptied  of  its  water,  and 
a smaller  cock  is  fixed  higher  up  as  at 
n for  discharging  its  air.  To  set  the 
machine  in  action  nothing  more  is  ne- 
cessaiy  than  to  shut  the  cocks  I and  m. 
and  open  the  cock  n,  from  which  the 
air  previously  contained  in  the  lower 
chest  will  escape,  and  its  place  will  be 
filled  up  by  the  water  6 6,  which  will 
pass  through  the  valve  g,  until  fhr 
chest  e is  completely  filled.  That  done, 
the  air  cock  n is  to  be  shut,  and  the 
water  cock  I opened,  when  a column  of 
water,  equal  to  the  full  height  and  pres- 
sure of  the  cistern  d.  will  rush  down 
the  pipe  A I,  and  by  filling  the  chest/ 
will  expel  its  air,  which  has  no  other 
opportunity  of  escaping  but  by  the  open 
pipe  I f.  down  which  it  will  pass,  and 
produce  a pressure  on  the  surface  of  the 
water  in  the  lower  chest,  equal  to  the 
entire  height  of  the  column  A /;  and 
the  air  thus  thrown  into  the  chest  e, 
being  in  a condensed  state,  will  force 
the  water  previously  in  that  chest  up 
the  pipe  h A,  from  whence  it  will  be 
discharged  at  c.  The  lower  chest  « 
will  now  be  filled  with  air,  while  the 
upper  chest  / will  be  occupied  by  water: 
therefore,  the  cock  I must  be  shut,  and 
that  at  m opened,  when  the  whole  of 
the  water  from  /will  be  discharged  at 
c',  and  will  give  the  air  in  e an  oppor- 
tunity of  returning  again  into/throu^ 
the  pipe  1 1 ; and  as  the  air  from  e es- 
capes, its  place  will  be  occupied  by  a 
new  charge  of  water,  which  will  rise 
through  the  valve  g,  and  again  fill  the 
lower  chest  *,  and  prepare  it  for  a 
second  discharge.  All,  therefore,  that 
is  necessary  to  keep  the  machine  in  ac- 
tion is  to  open  the  cocks  I and  m al 
temately,  that  is  to  say,  to  keep  the 
cock  I open  as  long  as  any  water  flows 
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from  the  discharging  pipe  at  h e,  and 
as  soon  as  the  efflux  ceases,  to  shut  the 
cock  I,  and  open  m to  discharge  the 
water  from  /,  and  permit  the  lower 
chest  e to  fill,  which  will  be  effected 
whenever  water  ceases  to  flow  from  m. 
The  cock  m must  then  be  shut,  and  I 
opened,  and  so  on  alternately,  which 
mav  easily  be  done  mechanically,  and 
without  superintendance,  by  using  a 
part  of  the  impelling  water  from  rf,  or 
that  which  has  been  discharged  fixim 
h c,  and  which  may  be  emplm'ed  to 
turn  a small  water-wheel,  or  to  fill  two 
small  cisterns  in  which  floats  are  made 
to  act.  Mr.  John  W.  Boswell  de- 
vised a contrivance  for  answering  this 
same  purpose,  which  will  be  found 
fully  detailed  in  the  second  volume  of 
Dr.  Gregory's  excellent  Treatise  on 
Mechanics,  where  this  simple  machine 
is  described  under  several  forms  and 
modifications. 

It  must  not  be  supposed  that  filling 
the  middle  vessel  / with  water  will  dis- 
charge the  whole  of  the  water  out  of  e, 
otherwise  disappointment  in  its  effects 
will  ensue ; because,  although  water  is 
nearly  incompressible,  air  is  highly  elas- 
tic, and  the  air  in  e will  be  compressed 
into  less  than  its  natural  bulk,  or  will 
be  condensed  with  a force  equivalent  to 
the  pressure  of  the  perpendicular  co- 
lumn of  water  h h,  which  it  has  to 
overcome ; and  as  atmospheric  pressure 
was  shown,  when  speaking  of  the  pumps 
under  the  second  head  or  division, 
to  be  only  equal  to  the  supfiort  of  a 
column  of  water  about  33  feet  in 
height,  so  if  we  imagine  this  to  be  the 
height  of  the  pipe  h h,  that  column 
of  water  would  require  one  of  double 
atmospheric  elasticity  to  support  it, 
and  hence  the  air  in  « would  be  con- 
denstxl  to  half  its  former  volume,  and, 
therefore,  discharge  but  half  the  volume 
of  water,  although  f should  be  com- 
ple'ely  filled. 

Dr.  Gregory  further  descrilies  a curi- 
ous phenomenon  which  takes  place  in 
the  working  of  this  machine,  and  which 
never  fails  to  create  surprize  in  the 
strangers  who  visit  it,  and  to  whom  it 
is  usually  shown.  That  is,  when  the 
efflux  at  A c has  stopped,  it  the  cock  n 
be  opened,  the  water  and  air  rush  out 
together  w ith  prodigious  violence,  and 
the  drops  of  water  are  changed  into  hail 
or  lumps  of  ice,  is'^uingwith  such  force 
as  frecpiently  to  pierce  a hat,  if  held 
against  them,  like  jiistol  bullets.  This 
rapid  congelation  is  a remarkable  iit- 


It 

stance  of  the  general  fact,  that  air,  by 
suddenly  expanding,  generates  cold,  iU 
capacity  for  heat  being  increased. 

The  Centrifugal  Pump  has  several 
different  forms,  one  of  the  most  simple 
of  which  is  shown  at  fg.  IS,  in 
which  g A represents  an  upright  spindle, 
so  fix^,  that  rapid  rotatory  motion 


may  be  comuiuiucaled  to  it  by  the 
winch  I,  and  A tn  represent  any  num- 
ber of  curved  pipes  (each  of  which  con- 
tains one  valve  opening  upwards)  so 
disposed  and  fixed  to  the  spindle,  that 
their  lowest  ends  maybe  near  to  it,  and 
be  covered  by  the  w ater  to  be  raised ; 
and  their  u|ipcr  end-,  which  arc  quite 
open,  are  extended  to  a considerable 
distance  from  the  centre  of  motion,  and 
finally  bent  downwards  to  prevent  the 
dispersion  of  the  water.  'The  several 
ciurved  pipes  must  lie  filled  with  w ater, 
which  will  lie  retained  in  them  by  their 
bottom  valves,  and  are  then  put  into 
rapid  motion  by  turning  the  winch, 
when  the  higher  ends  m m of  the  pipe 
will  describe  a much  larger  circle  than 
the  ends  below,  and  consequently  such 
a centrifugal  force,  or  tendency  to  fly  off 
and  empty  the  pipes,  w ill  lie  induced  at 
the  upper  ends  as  w ill  produce  a va- 
cuum, ca]iable  of  raising  a column  of 
water,  lilt  is  a circuiar  pan  or  re- 
servoir to  receive  the  upper  ends  of  all 
the  )iipes  and  the  water  they  ileliver, 
which  luiis  off  by  spouts  at  n n.  This 
machine,  accoiding  to  theoiy  , should 
deliver  water  with  a velocity  nearly 
equal  to  that  with  which  the  up|tei  eiuls 
of  the  pipes  move,  but  in  piactice  it 
C 2 
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has  failed  of  producing  very  advan- 
tageoui  effects. 

The  If'atuT  Bam  or  Belter  Hydraa- 
liovfi  as  it  was  called  by  its  inventor, 
M.  Montgolfier,  of  Paris,  is  a highly 
usefol  and  simple  machine,  for  the  pur- 
pose of  raising  water  without  the  ex- 
penditure  or  ftid  of  any  other  force  than 
that  which  is  produced  by  the 
turn  or  moving  force  of  a part  of  the 
water  that  is  to  be  raised ; and  is  one 
of  the  moat  simple  and  truly  philoso- 
phical machines  that  Hydraulics  ^ 
Wat.  The  action  of  this  machine  de- 
pends entirely  upon  the  momentum 


that  is  generated  whenever  a body  i* 
put  into  motion,  and  its  efi’ect  is  so 
^t  as  to  give  the  apparatus  the  ap- 
pearance of  acting  m defiance  to  the 
Mtablished  laws  of  Hydrostatic  equih- 
brium  ; for  a moving  column  of  water 
of  small  height  is  made  to  overcome 
and  move  another  column  much  higher 

than  itself.  . 4t,» 

The  form  and  construction  of  tne 
Water-ram  is  shown  at  16.  Sup- 
pose 0 to  represent  a cistern  or  re- 
servoir, or  the  source  of  a spring 
which  is  constantly  overflowing  and 
running  to  waste,  by  means  of  a chan- 
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nel  a few  feet  lower  than  itself,  as  at 
the  level  Une  p p.  Instead  of  per- 
mitting the  water  to  run  over  t^  ndes 
of  oTet  it  be  conducted  to  the  Iwel 
OB, ’by  means  of  iron  or  other  pipes 
a q connected  with  the  side  of  the  re- 
servoir, and  terminating  by  an  onflee  r 
in  which  a conical  or  other  valve  s,  is 
placed  so  as  to  be  capable  of  effectually 
dosing  the  pipe  when  such  » 

drawn  upvrards ; < i*  “ V,. 

weight  fixed  on  to  the  smn^e  of  fte 
valve  *,  by  means  of  which  the  vdve  is 
kept  down  and  OMn ; ^y 
fore  that  is  in  the  cistern  o vnU  “ow 
down  the  pipe  ? g,  and  es<»pe  at  the 
orifice  r,  so  long  as  the  valve  remains 
down,  but  the  instant  it  is  rai^  and 
shut,  aU  motion  of  the  water  is  sus- 
pended. Thus  situated,  the  adjustment 
of  the  weight  t must  tak^lace,  Md  by 
adding  to  or  subtracting  from  it,  it  must 
be  made  just  so  heavy  as  to  be 
of  sinking  or  forcing  il» 
wards,  afainst  the  upward  « 

the  water,  the  force  of  wluch  wiU  de- 
pend upon  the  perpendicular  distant 
ft^m  the  surface  of  the  water  m o,  to 
its  point  of  discharge  at  r,  (re^sented 
the  dotted  Une  o lO-  But  the  water 


by  moving  acquires  momentum  and 
new  force,  and  consequenUy  is  no 
longer  equal  to  the  column  o e,  to  which 
the  valve  has  been  adjusted,  but  is  su- 
perior to  it,  by  which  it  IS  mabled  to 
overpower  the  resistance  of  the  wf>Sbt 
t,  and  it  carries  the  valve  up  wuh  it, 
and  closes  (he  orifice  r.  This  is  no 
sooner  done  than  the  water  is_ 
strained  to  become  stationary  by 
which  the  momentum  is  lost,  md  the 
valve  and  weight  once  more  become 
superior,  and  fall,  thus  re-opemng  tte 
orifice  and  permitting  the  water  to 
move  again ; and  as  the  pressure  of  the 
wafer  and  the  weight  of  the  vJve  each 
become  alternately  superior,  tte  vrive 
is  kept  in  a constant  state  of  vibration, 
or  of  opening  and  shutting  without  any 
external  aid  whatever.  Such  is  fte 
principle  upon  which  the  motion  of  the 
water  in  the  pipe  y y is  produced : but 
the  momentum  generated  cannot  be 
instantly  annihilated;  and  it  is  not  only 
of  sufficient  power  to  raise  the  valve  e, 
but  likewise  to  burst  open  th® 
end  of  the  pipe  y y,  unless  a sufficient 
vent  be  provided  by  which  this  ac^- 
miilated  force  can  e^ape.  Accord- 
ingly a second  valve  r«  is  placed  near  the 
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lower  end  of  the  pipe  9 9,  and  is  made  to 
open  upwards  into  an  air-vessel,  hav- 
ing a discharging  pipes;  and  conse- 
quently whenever  the  valve  t is  closed, 
the  water,  which  otherwise  would  have 
flowed  from  the  orifice  r,  now  opens 
the  valve  u and  enters  the  air-vessel, 
until  the  spring  of  the  contained  air 
overcomes  the  gradually  decreasing 
force  of  the  momentum,  when  the  valve 
u closes,  and  that  at  » opens  to  permit 
the  water  to  make  a second  blow  or 
pulsation,  and  in  this  way  the  action 
of  the  machine  continues  unceasingly 
without  any  external  aid  so  long  as  it 
is  supplied  with  water  and  remains  in 
repair.  A small  running  stream  is 
necessary  for  this  machine,  as  the 
water  at  o should  be  kept  at  one  con- 
stant elevation  to-  insure  the  perfection 
of  its  action.  A much  greater  quantity 
of  water  likewise  escapes  at  the  orifice 
r,  between  the  pulsations,  than  can  be 
raised  in  the  delivering  pipe  x,  particu- 
larly if  it  extends  to  any  considerable 
height,  for  the  comparative  quantity  of 
water  discharged  through  x,  and  per- 
mitted to  run  to  waste  at  r,  must  al- 
ways depend  upon  the  respective  per- 
pendicular heists  of  the  pressing 
column  0 n,  and  the  delivered  or  resist- 
fig  column  u x,  and  the  rapidity  of  the 
pulsations  will  likewise  depend  on  the 
same  circumstances.  A very  insi;^ifi- 
tant  pressing  column  0 o is  capable  of 
laising  a very  high  ascending  column  u 
r,  so  that  a sufficient  fall  of  water  may 
lie  obtained  in  almost  every  running 
brook,  by  damming  up  its  upper  end  to 
produce  the  reservoir  0,  and  carrying  the 
pipes  q q down  tlie  natural  channel  of 
the  strWm  until  a sufficient  fall  be  ob- 
tained, for  a considerable  length  of 
descending  pipes  from  0 to  r is  neces- 
sary to  insure  the  certain  effect  of  the 
machine,  since,  if  the  column  qq  'u  not 
of  sufficient  length,  its  water  will  be 
thrown  back  into  the  reservoir,  instead 
of  entering  the  air-vessel,  which  re- 
quires to  be  replenished  with  air,  and 
this  is  admitted  into  it  by  the  self-act- 
ing shifting  valve,  shown  at  b in  the 
shaded  part  of  (fig.  16),  which  is  an  en- 
larged view  of  the  air-vessel  in  an  im- 
proved form;  its  valve  is  made  by  a ball 
at  a,  having  a metal  bridle  over  it  to 
prevent  its  rising  too  high. 

In  taking  the  height  to  which  water 
is  to  be  raised  by  a pump,  perpendicu- 
lar height  alone  is  to  be  regarded,  and 
not  lateral  extension,  because  fluids 
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is  six  feet  higher  at  one  end  than  at 
the  other,  the  six  feet  only  are  to  be 
regarded  as  the  height  to  which  the 
water  must  be  raised,  and  the  100  feet 
may  be  disre^pirded,  except  so  far  as  it 
produces  friction  detrimental  to  the 
motion  of  the  water.  The  height  of  a 
lift  of  water  must  be  taken  from  the 
surface  of  the  water  which  is  to  be 
lifted  to  the  surface  of  the  cistern,  or 
reservoir,  or  end  of  the  pipe  that  is  to 
receive  or  deliver  it,  and  not  from  the 
bottom  of  the  suction-pipe,  because  that 
pipe  may  descend  any  mstance  below  the 
surface  of  the  water  to  be  raised  with- 
out affecting  the  measurement,  since 
the  water  will  always  rise  to  its  own 
level  within  that  pipe,  without  the  aid 
of  any  exertion  of  force  by  the  pump. 
Be  careful,  likewise,  to  introduce  no 
right-angled  or  short  turns  into  pipes, 
if  they  can  be  avoided;  but  let  every’ 
such  turn  be  a re^ar  curved  sweep, 
and  the  larger  and  more  regular  that 
sweep  is  made,  the  less  impediment  it 
will  offer  to  the  passa^  of  tW  water. 

In  order  to  determine  the  force  or 
power  necessary  to  work  a pump  of  any 
description,  the  height  to  which  the 
water  is  to  be  raised  must  always  be 
taken  into  account ; for,  according  to 
what  has  been  before  stated,  (col.  i.  page 
11),  this  height  multiplied  into  the  area 
of  the  piston,  and  reduced  to  any  of  (he 
usual  denominations  of  weight,  will  give 
the  amount  of  resistance  to  be  over- 
come (friction  of  the  pump  only  ex- 
cepted). The  size  of  the  pipe  contain- 
ing the  water  is  quite  immaterial,  as 
before  noticed,  provided  it  be  large 
enough  to  prevent  friction  and  unna- 
tural velocity  in  the  water ; and  the 
entire  perpendicular  height  from  the 
surface  of  the  water  raised  to  the  point 
where  it  is  delivered,  whether  occupied 
by  suction  or  feeding-pijie,  or  deliver- 
ing-pipe from  a forcing-pump,  must  be 
add^  together  and  considered  as  the 
height  of  the  lift ; so  that  if  a lift  and 
force-pump  of  four  inches  in  diameter 
in  the  workinij-barrel,  has  ten  feet  of 
three-inch  suction-pipe  below  its  piston, 
and  twenty  feet  of  tsvo-inch  delivering- 
pipe  (including  the  length  of  the  work- 
ing-barrel) above  it,  the  column  to  be 
lifted  will  be  equal  to  thirty  feet  of  four- 
inch-pipe  filled  with  water.  The  con- 
tents in  gallons  of  thirty  feet  of  four- 
inch-pipe  must  therefore  be  found,  and 
as  each  Imp.  gallon  of  water  weielis 
1 0 lbs.  avoiidupois,  the  weight  or  load 
upon  the  pump  will  be  immediately 
found,  to  wtuch  must  be  added,  from  one 
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tenth  to  one-sixth,  according  to  the  con- 
struution  of  the  pum])  for  friction.  The 
load  upon  an  excentric  or  any  other 
pump  may  be  found  by  the  same  rule  if 
the  ctt'ective  horizontal  area  of  the  pis- 
ton. or  its  substitute,  bo  found,  and  this 
be  in  like  manner  multiplied  into  Uie 
height  of  the  lift.  It  therefore  becomes 
important  to  know  Itie  weight  and 
quantity  of  w.ater  which  a certain 
len^h  of  pi|>c  of  any  given  diameter 
will  contain,  and  a tolerably  close  ap- 
proximation to  this  may  be  obtained  by 
squaring  the  diameter  of  any  pipe  in 
inches,  and  cutting  otf  the  last  figure 
of  tlie  product  by  a decimal  point,  which 
will  nearly  give  the  contents  in  ale  gal- 
lons of  one  yard  in  length  of  such  pipe. 
Thus,  for  example,  if  a pipe  is  six 
inches  in  diameter.  6 times  6 make  36, 
and  introducing  the  decimal  point 
would  reduce  this  number  to  3.6,  so 
that  one  yard  of  such  pipe  would  con- 
tain three  gallons  and  six-tenths.  If  a 
three-inch  pipe  had  been  taken,  then 
3x3  = 9;  consequently,  there  remains 
but  one  figure  to  cut  otf.  The  gallons’, 
place  must  therefore  be  supplied  by  a 
cipher,  thus  u.t),  and  the  yard  of  such 
pipe  would  contain  but  nine-tenths  of  a 
gallon. 

For  greater  certainty,  however,  the 
following  table  and  rules  are  intro- 
duced. They  are  extracted  from  “ Bnm- 
ton's  Compendium  of  Mechanics a 
recent  little  work,  published  at  Glas- 
gow. and  which  is  so  replete  with  use- 
ful information,  that  no  working  me- 
chanic should  be  without  it. 

TABLE 

Of  the  contents  of  a pipe  one  inch  dia- 
meter for  any  retjuired  height. 


Fe*t 

OnantItT  In 

Wwjfhi  In 

(stUnnt, 

hifh. 

C«K  In. 

Avnlr.  (.It. 

U Inc  Mra. 

1 

9.  IS 

5 48 

0.0I07 

V 

18.85 

10.92 

.0-416 

3 

38.27 

ii.as 

.1221 

i 

37.70 

‘Jl.85 

.1632 

5 

47.12 

a;. 31 

.2040 

6 

.SS  .Vj 

3^.77 

.2ia:i 

7 

•a  97 

»4-23 

.24 18 

8 

75.40 

4.1,69 

.3264 

9 

84.82 

*9.h6 

.31371 

10 

91.23 

•Sl.SS 

.4080 

90 

18H.49 

109,91 

.8160 

30 

2^^274 

lia.fw 

1.2S40 

40 

376.99 

218.47 

1 .6300 

50 

471.24 

273.09 

9.0400 

60 

565.49 

2.4480 

70 

6i9.73 

382.33 

S.85ri0 

80 

753.  iW 

43«>.95 

3. 2-^0 

90 

848  23 

491 . .57 

3,6700 

loo 

9*2  48 

54K.  19 

4.0800 

300 

1884.98 

8. 1600 

Although  the  above  Table  only  givea 
the  contents  of  a pipe  one  inch  in  dia- 
meter, it  will  serve  as  a standard  for 
pipes  of  any  other  size,  by  observing 
the  following 

Rulh.— Multiply  the  numbers  found 
in  the  table  against  any  height,  by  the 
scpiare  of  the  diameter  of  the  pipe,  and 
the  product  w ill  be  the  number  of  cubic 
inches,  avoirdupois  ounces,  and  wine 
gallons  of  water,  that  the  given  pipe 
will  contain. 

Examplk.— How  many  wine  gal- 
lons of  water  are  contained  in  a pipe 
six  inches  diameter,  and  sixty  feet 
long? 

2.4480x36=88.1280  wine  gallons. 

The  wine  gallon  contains  231  cubic 
inches,  and  the  new  imperial  gallon 
277.274  cubic  inches ; therefore,  to  re 
duce  the  wine  to  the  imperial  gallon 
divide  by  1 .20032 ; and  for  a like  re- 
duction of  the  ale  gallon,  which  contain! 
282  cubic  inches,  ^vide  by  0.98324. 

Cbaptsb  IIL 

Of  the  Foret  and  Power  to  be  derivea 
from  Fluids  in  Motion. 

Hydra  0 Lies  contemplates  not  only  the 
construction  and  action  of  machines 
for  raising  water  above  its  level,  such 
as  those  tliat  have  been  last  described  ; 
but  likewise  the  means  by  whieli  motion 
and  power  may  be  obtained  from  the 
motion  and  other  properties  of  fluids. 
Accordingly  a brief  examination  of  llie 
various  mill  or  water-wheels  and  otlier 
contrivances,  by  which  motion  is  given 
to  machinery,  will  form  the  conclusion 
of  the  present  essay. 

Mobon  is  generally  obtained  from 
water,  either  by  exposing  obstacles  to 
the  action  of  its  ciurent,  as  in  water- 
wheels, or  by  arresting  its  progiess 
in  movable  buckets  or  receptacles 
which  retain  it  dining  a part  of  the 
progress  of  its  descent  Thus,  if  we 
suppose  the  action  of  the  Persian 
wlieel  shown  aty^.  4,  to  be  the  reverse 
of  what  it  has  been  deseribed  to  be, 
viz.  that  instead  of  the  buckets  nop 
receiving  their  water  from  the  stream 
r r,  and  delivering  it  into  tJie  elevated 
cistern  s,  we  imagine  the  cistern  s to 
be  suppUed  by  the  stream,  and  that  the 
sever.ll  buckets  o o o » shall  become 
filled  with  water  instead  of  emptied  by 
passing  tlie  cistern  r,  the  side  o o o of 
the  wheel  will  become  heavier  by  the 
vveight  of  all  the  water  that  the  buckets 
contain,  than  tlie  opposite  side  q q,  in 
which  the  buckets  are  supposed  to  ra- 
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main  empty.  The  eonseqnence  of  this 
will  be  that  the  wheel  will  reroWe  in 
the  direction  of  the  letters  p on,  and  if 
the  buckets  9 9 are  filled  as  they  Kt 
to  the  top,  and  those  at  0 n emptied  oy 
some  contrivance  when  they  reach  the 
bottom,  the  motion  of  such  a wheel 
will  be  continuous  ; and  it  will  revolve 
with  a force  and  vdocity  dependent  on 
the  weii^ht  of  the  buckets  of  water, 
their  distance  from  the  centre,  and  the 
velocity  with  which  they  are  filled : in 
fact,  such  an  arrangement  is  a very 
close  approximation  to  what  is  called 
the  over-shot  water-wheel,  which  will 
be  presently  described. 

Pi''atfr-whg«U  have  three  denomina- 
tions, depending  on  their  own  particu- 
lar construction,  on  the  manner  in  w hich 
they  are  set  or  used,  and  on  the  manner 
in  which  the  water  is  made  to  act  upon 
them ; but  all  water-wheels  consist  in 
common  of  a hollow  cylinder  or  drum 
revolving  on  a central  axle  or  spindle 
from  which  the  power  to  lie  used  is  com- 
municated, while  their  exterior  surface 
is  covered  with  vanes,  fioat-boards,  or 
cavities,  upon  which  the  water  is  to  act 
Thus^.  17  is  a side  view  of  an  under- 
shot, tide,  or  stream  wheel,  which  was 


fig.  IT. 


the  most  common  and  is  by  far  the 
oldest  construction  in  use.  As  this  kind 
of  wheel  requires  no  other  fall  in  the 
water  than  that  which  is  necessary  to 
poduce  a rapid  progressive  motion  in 
it  and  as  it  acts  chiefly  by  the  momen- 
tum of  the  water,  its  positive  weight 
being  scarcely  called  at  all  into  action, 
it  is  only  fit  to  be  used  when  there  is 
a profusion  of  water  always  in  motion. 
It  has  however  the  advantage  of  being 
file  cheapest  of  all  water-wheds ; and  as 
it  docs  not  require  a very  considerable 
&11  of  water,  it  is  more  applicable  to 
rivers  in  tlirar  natural  state  than  any 
otlier  form.  It  likewise  w'orka  equally 
well  whetlier  the  watw  lots  upon  the 


one  or  the  other  tide  of  its  float -boards, 
which  renders  it  particularly  applicable 
to  tide-rivers,  where  the  current  is  some- 
times running  in  one  direction,  and  at 
others  in  an  opposite  course.  There  are 
however  some  practical  disadvantages 
attendant  upon  this  form  of  wheel,  parti- 
cularly when  made  of  small  diameter : 
for  if  the  float -boards  stand  radiantly 
round  it,  or  pointing  to  the  centre,  as  a 
bode,  although  the  central  floats  bed 
stand  in  good  positions  to  produce  the 
greatest  effect,  being  all  nearly  at  right 
angles  to  the  direction  in  which  the 
water  moves,  yet  the  float  a enters  the 
water  so  obliquely  as  to  meet  with  great 
lesistanoe  to  its  passage,  at  the  same  time 
that  the  retiring  float  e leaves  the  water 
under  circumstances  that  are  equally 
disadvantageous,  in  being  obliged  to 
plough  or  throw  up  a portion  of  water 
before  it,  which  tends  very  materially  to 
retard  the  motion  and  impede  the  power. 
This  appears  to  be  partly  obviated  by 
giving  the  float-boards  a different  figure, 
or  placing  them  so  as  not  to  point  to 
the  centre  of  the  wheel,  as  shown  aijlg. 
t.  In  this  case,  the  ascending  float- 
board  / is  nearly  at  right  angles  to  the 
water  at  the  time  of  leaving  il,  and  rises 
almost  perpendicularly  out  of  it,  being 
thus  placed  in  a much  more  beneflciiQ 
position  than  in  the  last  figure.  But, 
although  the  retiring  float  is  thus  im- 
proved, the  entering  one  g is  much  more 
disadvantageously  placed,  for  now  it 
will  come  down  almost  parallel  to  the 


fig.  18. 


surface  of  the  water,  and  thus  the  ad- 
vantage that  is  gained  at  one  side  of  the 
wheel  is  lost  at  the  other.  It  does  how- 
ever appear  that  there  is  a small  practi- 
cal advanta^  in  giving  the  float-boards 
a slight  inclination  from  the  centre,  but 
it  must  not  be  carried  by  any  means  so  ' 
far  as  shown  in  the  above  figure. 

As  action  and  re-action  are  always 
equal,  but  in  contniy  direotions,  of 
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course  it  is  the  same  thing  whether  the 
power  of  the  moving  water  be  applied 
to  the  float-boards  of  a wheel  which  re- 
volves in  a fixed  building,  or  whether 
an^  extraneous  force  be  applied  to  the 
axis  of  a wheel  to  cause  it  to  move  in 
still  water ; in  the  first  case  the  power 
of  the  water  will  be  transferred  to  the 
axle  of  the  wheel,  and  is  applicable  to 
tile  driving  or  moving  of  machinery ; 
while,  in  the  second  case,  the  power  ap- 
plied to  the  axle  will  be  resisted  by  the 
quiescent  water,  and  will  be  converted 
into  so  much  power  for  moving  the 
building  or  boat  in  which  the  wheel  is 
placed  ; and  upon  this  principle  depends 
the  action  of  those  steam-boats  which 
ure  impelled  through  the  water  by 
means  of  water-wheels  driven  round  by 
the  power  of  steam-en^es  applied  to 
their  axles,  instead  of  permitting  the 
water  to  move  the  float-boards  and 
transfer  its  power  to  the  axis. 

Whenever  the  weight  and  motion  of 
water  can  be  made  use  of,  as  well  as  its 
momentum,  much  greater  effects  can  be 
produced  than  the  last  described  ma- 
chine is  capable  of,  and  with  a much 
less  lavish  expenditure  of  the  fluid,  for 
then  its  utmost  powers  of  action  are 
brought  into  play  at  once  ; and  accord- 
i^ly  those  water-wheels  that  are  dis- 
bn^shed  by  the  names  of  breast- 
wheels,  and  over-shot  wheels,  will  pro- 


duce much  greater  power  with  a much 
less  supply  of  water  than  the  under-shot 
wheel  already  described.  Both  these 
wheels  however  require  a considerable 
fall  in  the  stream  upon  which  they  are 
placed,  and  consequently  destroy  it  for 
the  purposes  of  navigation,  unless  that 
ingenious  Hydraulic  contrivance  the 
Canal  Lock  be  resorted  to,  by  means  of 
which  barges  or  vessels  of  any  magni- 
tude may  be  transported  from  one  level 
to  another  without  difficulty,  and  with 
very  little  loss  of  time.  The  Over-ihot 
fVater-  fVheel,  which  of  all  others  gives 
the  greatest  power  with  the  least  expense 
of  water,  requires  a fall  in  the  stream 
equal  to  rather  more  than  its  own  dia- 
meter, therefore  it  is  customary  to  give 
this  description  of  wheel  a greater 
length  in  proportion  to  its  height  than  is 
given  to  any  other,  by  which  an  equal- 
ity of  power  is  obt^ed.  In  the  con- 
struction of  the  over-shot  wheel  a hol- 
low cylinder  or  drum  that  is  impervious 
to  water  is  first  prepared,  and  hung 
upon  a proper  central  axis.  A number 
of  narrow  troughs,  or  cells,  generally 
formed  of  thin  plates  of  metal,  extending 
from  one  end  of  the  drum  to  the  other, 
are  next  fixed  round  the  outside  of  the 
wheel  so  as  to  give  a transverse  section 
through  the  middle  of  the  wheel,  the 
appearance  shown  at  fig.  19.  The 
water  is  conducted  by  a level  trough  of 


the  same  width  as  the  wheel  over  its 
top,  as  at  A i,  and  is  discharged  into  the 
buckets  or  cells  placed  round  the  wheel 
to  receive  it,  as  at  A / ; fiom  the  parti- 
cular form  of  these  buckets  they  retain 
the  water  thus  thrown  into  them,  until 
by  their  motion  they  descend  towards 
the  point  I,  when  their  mouths  being 
tom^  downwards  they  discharge  their 


contents  into  the  tail-stream  m,  where 
the  water  runs  to  waste.  The  buckets 
on  the  opposite  side  n of  the  wheel  de- 
scend with  their  mouths  downwards,  and 
thus  remain  empty,  until  they  arrive 
under  the  end  A of  the  water-trough 
to  be  refilled ; at  A there  is  a penstoi^ 
or  sluice  for  regulating  the  quantity  of 
water  and  preventing  waste,  since,  if  the 
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water  was  permitted  to  flow  too  rapidly, 
it  would  splash  out  of  the  buckets  near 
k instead  of  filling  them,  and  would  run 
down  over  the  surface  of  the  wheel 
without  producing  its  proper  effect 
To  prevent  this  the  water  is  seldom  per- 
mitted to  run  upon  the  wheel  in  a stream 
of  more  than  fiom  half  an  inch  to  an 
inch  in  thickness,  and  when  well  regu- 
lated there  is  scarcely  a drop  of  water 
ineffectually  wasted.  The  over-shot 
wheel  therefore  acts  by  the  gravity  or 
weight  of  the  water  contain^  in  the 
buckets  for  nearly  one -third  of  its  cir- 
cumference, and  from  the  experiments 
of  Mr.  Smeaton,  which  were  made  with 
great  accuracy,  it  appears  that  the  di- 
mensions, quantity  of  water,  and  height 
of  fall  beii^  the  same,  ffie  over-shot 
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wheel  vrill  produce  double  the  effect  of 
the  under-wot. 

The  Breait  Wheel  is  by  far  the  most 
common ; and  may  be  considered  as  a 
mean  between  the  two  varieties  before 
mentioned.  In  this,  the  water,  instead 
of  passing  over  the  top  of  the  wheel,  or 
entirely  mneath  it,  is  delivered  about 
half  way  up  it,  or  rather  below  the  level 
of  the  axis,  and  the  race  or  brickwork 
upon  which  the  water  descends  is  built 
in  a circular  form,  having  the  same 
common  centre  with  the  wheel  itself, 
so  as  to  make  it  parallel  to  the  exterior 
edges  of  the  flat-boards  or  extreme  cir- 
cumference of  the  wheel.  This  con- 
struction is  shown  at  fig.  20,  where 
0 p q is  a side-view  of  a wheel,  formed 
with  float-boards  in  the  same  manner  as 


the  under-shot  wheel ; but  instead  of  the 
water  acting  upon  its  lower  part  q,  it  is 
introduced  upon  it  at  p,  by  the  sluice  or 
penstock  r,  which,  by  rising  or  falling, 
permits  a greater  or  less  quantity  of 
water  to  act  on  the  wheel : mid  as  the 
float-boards  are  made  to  fit  as  accu- 
rately as  possible  without  contact,  into 
the  circular  hollow  s < of  brickwork,  no 
water  can  escape  past  the  wheel  with- 
out producing  its  ^oportionate  effect. 

Mr.  Smeaton  makes  no  observations 
on  the  nature  of  Breast  Wheels  in  his 
valuable  Papers,*  excrot  to  state  that 
all  wheels  by  which  the  water  is  pre- 
vented from  descending,  unless  the 
whed  moves  therewith,  are  to  be  consi- 
dered of  the  nature  of  over-shot  wheels, 
having  power  in  proportion  to  the  per- 
pendicular height  from  which  the  water 
descends ; while  all  those  that  receive 
the  impulse  or  shock  of  the  water, 
whether  in  an  horizontal,  perpendicular 
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or  oblique  direction,  are  to  be  considered 
as  under-shots.  Thebreastwheel  is  nearly 
allied  to  the  over-shot;  for  notwithstand- 
ing it  has  only  float-boards  instead  of 
buckets,  yet  as  the  mill  course  is  made 
concentric  to  the  outside  of  the  wheel, 
and  is  not  only  there,  but  at  the  two 
sides,  made  as  close  as  convenient,  so 
as  to  prevent  the  escape  of  water  as 
effectually  as  possible,  the  spaces  be- 
tween one  float-board  and  another  be- 
come buckets  for  the  time  being  and 
retain  the  water,  and  thus  the  breast 
wheel  is  not  only  impelled  by  the  weight 
of  water,  but  by  its  impetus  or  momen- 
tum also,  for  the  water  is  so  confined 
as  to  be  incapable  of  splashing  or  being 
lost,  and  consequently  its  moving  force 
may  be  exerted  to  great  advantage. 
Notwithstanding  this  apparent  superio 
rity,  still  the  breast  wheel  is,  in  effect, 
vastly  inferior  to  the  over-shot  wheel, 
not  "only  on  account  of  the  smaller 
height  at  which  the  water  is  supplied, 
but  from  the  waste  with  which  it  must 
always  be  attended,  even  under  circum- 
stances of  the  most  perfect  workman- 
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thin.  When  well  contiruoted  end  close- 
ly built  in,  its  effect,  according  to  Mr. 
Smeaton,  should  be  the.  same  as  an 
under-shot  wheel,  whose  head  of  water 
is  equal  to  the  difference  of  level  be- 
tween the  surface  of  the  stream  and  the 
point  where  it  strikes  the  wheel,  added 
to  the  effect  of  an  over-shot  wheel, 
whose  height  is  equal  to  the  distance 
from  tlie  striking  point,  to  the  tail-wa- 
ter of  the  mill,  or  that  which  runs  to 
waste.  This  is  however  on  the  pre- 
sumption tliat  the  wheel  receives  the 
impulse  of  the  water  at  right  angles  to' 
its  radii,  and  that  every  tiling  is  con- 
structed to  the  best  advantage.  In  prac- 
tice it  is  found  that  the  breast  wheel 
just  consumes  about  double  the  quan- 
tity of  water  that  the  over-shot  wheel 
requires,  to  do  the  same  quantity  of 
work,  when  all  things  are  alike,  that 
is  to  say,  the  diameter  and  breadth  of 
the  wheel,  number  of  float-boards,  &c., 
though  from  theory  and  calculation  it 
should  do  rather  mure ; for  Lambert  and 
others  who  have  written  on  this  subject 
attempt  to  demonstrate,  that  the  power 
of  the  over-shot  to  that  of  the  breast 
w heel  is  as  thirteen  to  five ; but  this  is 
upon  a supposition  that  no  water  escapes 
ineffectually  which  is  utterly  impossible 
in  practice. 

In  order  to  permit  any  of  the  above 
wheels  to  work  with  freedom,  and  to  the 
greatest  advantage,  it  is  absolutely  ne- 
cessary that  the  tail- water,  as  it  is  called, 
or  tliat  which  is  discharged  from  the 
bottom  of  the  wheel  after  it  has  pro- 
duced its  effect,  should  have  an  unin- 
terrupted passage  to  run  away,  for 
whenever  this  is  not  the  case,  it  accu- 
mulates, and  forms  a resistance  to  the 
float -boards,  and  consequently  abstracts 
considerably  from  the  velocity  and  power 
of  the  wheel,  sometimes  indeed  to  so 
great  an  extent  as  to  prevent  its  work- 
ing altogether.  One  of  the  simplest 
and  most  effectual  means  of  removing 
tliis  inconvenience  is  by  an  expedient 
not  much  known  or  practised,  and  which 
consists  of  forming  two  drains  or  tun- 
nels through  the  brickwork  or  masonry 
at  each  side  of  the  water-wheel,  what- 
ever may  be  its  construction,  so  as  to 
pennit  a portion  of  the  upper  water  to 
flow  down  into  the  tail  or  lower  stream 
immediately  in  front  of  the  wheel.  The 
water  thus  brought  down  with  great  im- 
petuosity drives  the  tail-water  before  it, 
in  such  a manner  as  to  form  a basin  or 
hollow  place,  in  which  the  wheel  can 
work  free  from  interruption,  even  if  the 


natural  state  of  the  water  were  such  aa 
might  produce  a tailing  of  from  twelve 
to  eighteen  inchea  without  this  assist- 
ance. And  since  the  tailing  of  mill- 
streams  only  occurs  in  the  winter  sea- 
sons, or  at  times  when  there  is  a profu 
sion  of  water,  so  the  quantity  that  ia 
thus  thrown  away  without  operating 
upon  the  wheel  can  be  spared  without 
inconvenience.  Each  of  the  drains  or 
tunnels  is  fbmished  with  a sluice-gate 
or  penstock  at  its  upper  end,  by  which 
the  quantity  and  impetus  of  the  water 
can  be  regulated  at  pleasure,  or  the 
whole  be  shut  off  whenever  water  hap- 
pens to  be  scarce. 

The  three  varieties  of  water-wheela 
already  noticed  are  the  only  ones  gene- 
rally admitted  into  practice,  and  they 
do  not  admit  of  much  improvement, 
since  their  principles  must  always  re- 
main the  same.  The  over-shot  wheel 
has,  perhaps,  been  brought  nearer  to 
perfection  than  any  of  the  others,  bv  the 
contrivance  of  Peter  Nouaille,  Esq., 
who,  in  a mill  that  he  has  near  Seven 
Oaks,  in  Kent,  has  caused  the  water  to 
revert  back  again  from  the  top  of  the 
wheel,  instead  of  passing  over  it,  and 
in  tins  way  a much  greater  portion  of 
the  circumference  of  the  wheel  is  brought 
into  action  than  is  generally  the  case. 
Other  improvements  or  variations  in  the 
form  and  construction  of  water-wheels, 
have  been  contrived  by  Mr.  Besant,  Mr. 
Smart,  Mr.  Perkins,  and  others,  wliich 
will  be  found  described  in  the  Traiuac- 
tioiu  qf  the  Society  for  the  Encourage- 
ment of  Arts,  Manufactures,  and  Com- 
merce; the  object  of  them  principally 
being  to  obtain  as  much  force  as  pos- 
sible from  the  water,  by  arranging  the 
forms  of  the  buckets  or  float-boards  in 
such  manner  that  tliev  may  receive  tlie 
impulse  of,  or  retain  tlie  greatest  quan- 
tity of  water,  which  is  of  great  import- 
ance, particularly  in  tlie  construction  of 
undcr-sliot  wheels,  which  act  by  the 
impulse  of  the  w ater  alone.  Tlie  over- 
shot wheel  depends  entirely  on  the 
weight  of  the  water  delivered  into  its 
buckets,  wliich  ought  therefore  to  be  at, 
capacious  a.s  they  can  conveniently  be 
made,  not  only  that  they  may  contain 
as  much  water  as  possililc,  but  allow 
ample  room  for  the  discharge  of  the  air 
that  will  be  thrown  into  them  with  the 
water,  as  well  as  for  the  delivery  of  that 
w ater  when  done  with.  From  the  nature 
of  a water-wheel  it  will  be  evident,  that 
if  it  had  no  work  to  perform  or  resist 
ance  to  overcome,  it  would  move  with 
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the  lame  leloeity  as  the  itream  that 
drives  it ; while,  on  the  contrary,  if  it 
was  loaded  with  a quantity  of  resistance 
equal  to  the  power  of  the  stream,  it 
could  not  move  at  all ; hence,  every 
dejrree  of  resistance  between  these  ex- 
tremes will  produce  its  proportionate 
retardation  of  the  wheel ; ana  from  ac- 
curate experiments  which  have  been 
tried,  it  has  been  determined  that  an 
undershot  wheel  does  its  maximum 
quantity  of  work  when  its  circumfer- 
ence moves  w ith  between  one-half  and 
one-third  of  the  velocity  of  the  stream 
that  drives  it.  Tlie  overshot  wheel  can- 
not tie  so  influenced  by  the  velocity  of 
the  water,  because  it  requires  all  its 
buckets  or  cells  to  be  filled  in  succes- 
sion ; and  Mr.  Smeaton  has  determined 
tliat  the  best  velocity  to  efiect  the  above 
purpose  is  three  feet  in  a second.  Hav- 
ing therefore  previously  determined  the 
quantity  of  water  whicti  the  stream  will 
deliver  in  a given  time,  it  becomes  a 
matter  of  easy  calculation  to  determine 
the  length  and  capacity  of  the  buckets 
which  shall  be  capable  of  carrying  off 
the  whole  of  the  water  at  that  velocity. 
Tims,  for  example,  if  the  stream  is 
found  to  deliver  ninety-six  gallons  per 
second,  and  it  is  determined  to  make 
the  buckets  on  the  wheel  six  inches 
npiut  from  one  partition  to  another, 
and  fifteen  inches  deep,  then  six  such 
buckets  will  be  contained  in  every  three 
feet  of  the  wheel ; therefore  ninety-six 
gallons  must  be  divided  by  six  buckets, 
which  gives  sixteen  gallons  for  the  con- 
tents of  each.  It  will  therefore  only 
remain  to  be  determined,  how  long  a 
vessel  of  six  inches  wide  and  fift^ 
inches  deep  must  be  to  contain  sixteen 
gallons,  and  this  will  of  course  give  tlie 
necessary  width  of  the  wheel,  while  tlie 
number  of  buckets  must  depend  upon 
the  circumference,  which  is  always 
limited  by  the  diameter,  being  the  ex- 
treme height  (if  necessary)  that  can  be 
obtained  in  the  fall  of  water ; for  the 
larger  the  wheel,  the  greater  will  be 
the  power  derived  from  it,  provided 
a due  velocity  can  be  maintained  at  the 
same  time ; because  the  power  of  water 
on  wheels  is  directly  as  the  height  it  falls 
through.  The  power  of  every  wheel, 
of  course,  depends  upon  the  quantity  of 
water  thrown  upon  it,  and  the  height 
from  which  it  has  to  fill ; but  as  every 
bucket  must  be  filled,  or  every  float- 
board  struck  by  the  water  in  succession, 
so,  of  course,  if  tlie  wheel  is  too  large, 
it  will  move  too  slowly  fur  the  purpose 


for  which  it  ii  intended ; and  in  this  case 
the  speed  must  be  rais^  by  cog-wheels 
within  the  mill,  which,  on  the  common 
principles  of  mechanics,  must  dissipate 
the  power  intended  to  be  gained  by  the 
magnitude  of  the  water-wheel.  Hence, 
great  attention  should  be  paid  in  the 
construction  of  mills,  to  let  the  sise  of 
the  water-wheel  be  well  proportioned 
not  only  to  the  velocity  of  the  stream, 
but  to  the  speed  of  the  work  it  is  required 
to  perform ; and  this  may  always  be 
accomplished  without  waste  or  differ- 
ence of  power,  by  using  a wider  wheel 
of  small  diameter  where  rapid  speetl  is 
necessary,  or  a narrow  wheel  of  great 
diameter  when  this  is  not  essential.  In 
every  case  the  full  power  of  a stream 
should  be  taken  advantage  of  in  the  first 
erection  of  a mill,  because  it  is  a trou- 
blesome and  expensive  operation  to  in- 
crease the  power  of  a mill  when  ones 
built,  and  power  is  always  valuable. 

Mr.  Banks,  in  his  excellent  Treatise 
upon  Mills,  gives  many  useful  practical 
rules ; from  amongst  which  the  follow- 
ing is  selected.  Being  simple,  it  may 
prove  useful  for  determining  the  quan- 
tity of  water  that  will  flow  tlmough  a 
sluice  or  penstock  upon  a wheel,  with 
sufficient  accuracy  for  most  purposes, 
because  the  whole  motion  of  a stream 
must  not  be  taken  when  it  is  principally 
dammed  or  stopped,  and  only  permitted 
to  flow  througn  a small  orifice  to  pro- 
duce mechanical  effect. 

Rule. — Measure  the  depth,  from 
the  surface  of  the  water  to  the  centre 
of  the  orifice  of  discharge,  in  feet,  and 
extract  the  square  root  of  that  depth ; 
multiply  it  by  5.4,  which  will  give  the 
velocity  in  feet  per  second,  and  this, 
mulbplied  by  the  area  of  the  orifice 
(also  in  feet),  w ill  give  the  number  of  cu- 
bic feet  of  water  which  w ill  flow  through 
in  a second.  From  knowing  the  quan- 
tity of  water  dischar^d,  and  tlie  height 
of  fall,  not  only  the  sue  of  the  wheel,  but 
its  extent  of  power  may  l>e  calculated ; 
for,  in  the  undershot  w heel  the  pow  er  is 
to  the  etfect  nearly  as  3 ; 1 ; while  in  the 
overshot  wheel  it  is  double,  or  ds  3 to  2. 

In  the  connexion  of  the  work  to  be 
performed  with  a water-wheel,  some 
attention  is  necessary  to  mechanical 
principles,  which  are  frequently  grossly 
neglected;  and  it  is  on  this  account 
that  the  teeth  or  cogs  of  wheels,  or  even 
shafts  themselves,  are  broken,  through 
the  unnecessary  strain  tliat  may,  by  this 
means,  be  thrown  upon  them.  It  is  well 
known  that  the  pendulum,  when  swing- 
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ing,  hu  but  one  point  in  which  its  whole 
moving  force  is  concentrated,  ami  which 
point  must  be  stopped,  if  it  is  required 
to  make  the  pendulum  stop  instantly, 
in  a completely  dead  manner,  or  with- 
out communicating  vibration  or  a strain 
on  any  one  pt^.  in  particular.  This 
point  IS  called  its  centre  of  oscillation. 
So  likewise  in  a stick  or  sword : if  it  is 
desired  to  strike  the  most  powerful 
blow  that  can  be  given  by  such  a wea- 
pon, it  must  not  M made  with  the  point 
nor  near  the  hand,  but  at  a certain  dis- 
tance between  the  two,  where  the  point 
of  percussion  exists ; and  this,  it  the 
stick  is  of  equal  size  and  weight  through- 
out, will  be  at  two-thirds  of  its  lei^th 
from  the  centre  upon  which  it  turns,  or 
the  hand  that  wields  it ; but  if  it  tiqpers, 
or  becomes  lighter  at  the  end,  the  point 
of  percussion  will  be  moved  nearer  to 
the  hand.  The  same  reasoning  applies 
to  water-wheels,  and  indeed  to  all  other 
wheels  and  bodies  in  circular  motion ; 
for  if  such  a wheel  had  no  rim  or  peri- 
phery, its  arms  might  be  considered  as  so 
many  sticks  whirling  round  one  common 
centre.  But  having  such  a rim,  which 
is  of  considerable  weijAt  in  respect 
to  the  arms,  the  point  of  p^ussion,  or 
of  greatest  effect,  (which,  in  revolving 
bodies,  is  called  the  centre  qf  gyration,) 
will  be  moved  further  from  the  centre 
to  near  the  external  weight  or  rim ; and 
Zi  the  circle  described  by  these  points 
should  the  power  be  taken,  in  order  to 
equalize  the  strain  upon  every  part  of 
the  water-wheel  as  well  as  its  shaft. 
Placing  cogs,  therefore,  on  one  of  the 
rings  of  awater-wheel,  or  using  a drivii^ 
wheel  of  the  same  diameter  as  itself,  is 
an  injudicious  application,  as  thereW 
the  natural  momentum  of  the  wheel  will 
be  considerably  checked;  and,  on  the 
contrary,  if  too  small  a driving  wheel 
is  used  upon  the  water-wheel  shaft, 
the  outside  of  the  water-wheel  will  have 
a constant  tendency  to  run  faster  than 
its  central  part,  which  will  be  very  likely 
to  break  its  shaft. 

To  ascertain  the  circle  of  gyration  in 
a water-wheel,  its  radius  must  be  taken, 
and  the  weight  of  its  arms,  rim,  shroud- 
ing, and  float-boards,  as  well  as  the 
weight  of  water  acting  upon  it  Thus, 
for  example,  in  a wheel  twenty-four  feet 
diameter,  the  arms  of  which  weigh  two 
tons,  the  shrouding  and  rim  four  tons, 
and  the  water  in  action  two  tons ; call 
the  weight  of  the  rim  R,  which  must  be 
multiplied  by  the  square  of  the  radius, 
and  tM  product  be  doubled,  because  the 


rim  exists  on  both  sides  of  the  eentz«> 
when  the  new  product  may  be  carried 
out.  Next,  the  w^htofthe  arms  called 
A,  must  be  multiphed  by  the  square  of 
the  radius,  and  be  doubled  and  carried 
out  as  before.  Then  the  weight  of  the 
water  in  action  called  W,  must  be  mul- 
tiplied in  like  manner  and  carried  out. 
without  doubling,  because  the  water 
only  acts  on  one  side  of  the  wheel.  Then 
double  the  weight  of  the  rim  and  the 
arms,  and  add  the  weight  of  the  water  to 
them,  which  will  give  a sum  by  which 
the  sum  of  the  former  products  carried 
out  are  to  be  divided ; and  the  square 
root  of  the  quotient  so  obtuned,  will  be 
the  radius  of  the  circle  of  gyration,  or 
circle  of  greatest  power;  and  putting- 
down  the  foregoing  operations  in  figures, 
they  will  assume  the  following  form : — 
R =4  Tonsxl2*  = 576x2=1152 
A =2  TonsxI2*=288x2=  576 
W=2TonsxI2*=  .....  288 
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the  square  root  of  which,  11.225  feet, 
will  be  the  radius  of  the  circle  of  gyra- 
tion. The  heavier  the  rim  and  lo^  of 
water  are  in  respect  to  the  arms,  the 
nearer  will  this  circle  coincide  with  the 
size  of  the  wheel ; while,  if  they  are 
light,  it  will  approach  nearer  the  centre  : 
but  power  may  always  be  safely  derived 
from  a water-wheel,  at  about  one-fourth 
of  the  radius  from  the  circumference. 

The  power  from  a water-wheel  ought 
likewise  to  be  taken  as  nearly  as  pos- 
sible at  the  point  that  is  opposite  to 
where  the  water  is  producing  its  greatest 
action  upon  the  wheel;  otherwise  a great 
and,  in  some  cases,  veiy  unequal  strain 
will  be  thrown  upon  different  parts  of 
its  shafts  and  beajings,  and  suen  a one 
as,  if  it  does  not  cause  their  fracture, 
will  require  unnecessary  strength  in 
them,  and  cannot  fail  to  produce  waste 
and  unequal  wear  of  the  brasses  or  other 
bearings  upon  which  they  are  supported. 
Thus,  for  example : let  it  be  supposed 
that  the  power  is  communicated  from 
an  undershot-wheel,  as  at  (_/fg.  17.)  by 
a toothed-wheel,  or  pinion,  placed  di- 
rectly under  the  main  shaft  upon  which 
that  wheel  turns ; then,  since  the  power 
of  the  water  acts  under  the  bottom  of 
the  wheel  a little  lower  than  where  the 
power  is  taken  from,  it  will  be  evident 
that  both  the  strains  will  be  on  the  under 
side  of  the  shaft  without  any  thing  above 
to  balance  them  ; and  as  the  power  de- 
rived is  in  must  cases  nearly  equal  to 
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that  of  the  wheel,  and  in  almost  all 
cases  superior  to  its  weight,  the  effect 
will  be  to  produce  a constant  tendency 
to  raise  the  wheel  out  of  its  bearings ; 
while,  if  the  power  had  been  derived 
from  the  point  A on  the  top  of  the  cog- 
wheel,  the  water  would  be  driving  the 
wheel  forward  in  the  direction  of  the 
current,  while  the  derived  power  would 
act  in  a directly  opposite  du-ection  with 
nearly  equal  force ; and  as  the  one  acts 
below  while  the  other  acts  above,  it 
follows  that  they  must  nearly  balance 
each  other,  and  thus  produce  no  impe- 
diment to  the  steady  revolution  of  the 
wheel.  What  has  been  stated  with  re- 
spect of  the  undershot-wheel  equally 
applies  to  all  others ; for  in  the  breast- 
wheel,  the  power  should  be  derived  from 
the  point  opposite  to  that  on  which  the 
water  is  acting,  and  so  of  the  overshot- 
wheel,  where  uie  power  should  be  taken 
behind  the  wheel  nearly  in  its  horizon- 
tal diameter  as  at  A in  1 9 and  20.) 

The  varieties  of  water-wheels  above 
described  comprehend  all  those  that  are 
generally  used  in  Great  Britain  ; but  in 
America  and  some  parts  of  Europe, 
horizontal  water-wheels,  or  wheels  with 
oblique  floats,  acting  on  the  principles 
of  the  smoke-jack  by  oblique  impulse, 
are  very  common  and  very  simple  in 
their  construction ; but  as  they  are  less 
efficient  in  mechanical  power  and  ad- 
vantage, it  is  needless  to  describe  them 
here ; the  reader  is  therefore  referred 
to  page  40  of  the  fourth  volume  of  the 
Quar/er/y  Journal  of  Science  and  the 
Arte,  edited  at  the  Royal  Institution, 
where  a short  but  comprehensive  ac- 
count is  given  by  Mr.  Adamson  of  all 
the  various  contrivances,  on  this  prin- 
ciple, which  have  from  time  to  time  been 
used,  together  with  a particular  descrip- 
tion of  one  of  the  best  forms  of  this  kind 
of  water-mill. 

The  best  mode  of  obtaining  the  utmost 
power  out  of  a small  stream  of  water, 
when  it  happens  to  be  in  an  elevated 
situation,  and  there  is  an  opportunity  of 
discharging  the  waste  water  m an  inter- 
mediate position  between  that  which  is 
to  be  raised  and  that  employed  to  pro- 
duce the  effect,  as  in  the  Hungarian 
machine,  is  what  is  called  the  IVater- 
yresture  Enmne,  being,  in  fact,  a steam- 
engine,  wonied  by  water  instead  of 
steam,  and  possessing  the  powers  of 
Biamah's  hydrostatic  press.  This  kind 
of  engine  is  particularly  applicable  to 
pumping,  or  any  other  purpose,  in  mines 
whicn  have  the  advanta^  of  an  adit 


level,  and  in  which  there  also  happens 
to  be  a small  stream  of  running  water 
at  the  surface.  Such  a stream  is  most 
frequently  applied  to  turning  a water- 
wheel and  tlien  runs  to  waste ; but,  by 
the  application  of  this  machine,  it  may 
be  converted  to  highly  useful  purposes. 
The  form  and  operation  of  tlie  water- 
pressure  engine  will  be  understood  by 
referring  to  fg,  21,  in  which  a A is  a 
metal  cylinder,  truly  bored,  closed  at  its 


two  ends,  and  having  an  mr-tight  piston 
and  piston-rod  working  through  a stuf- 
fing-box, precisely  in  the  same  way  as 
if  prepa^  and  made  for  a steam-en- 
gine. The  cylinder  has,  likewise,  the 
same  nozzles  and  side  pipes  as  the  steam- 
engine,  which  are  unitra  in  a common 
four-way  (or  rather  double  passage) 
cock  at  e.  The  operation  of  mis  kind 
of  cock  is  too  well  known  to  need  par- 
ticular description.  It  presents  four 
external  opemngs,  and  has  the  effect  of 
permitting  two  opposite  currents  to  pass 
through  it  at  the  same  time,  the  direc- 
tion of  which  may  be  reversed  by  turn- 
ing the  cock  a quarter  round,  although 
the  supply  is  constantly  delivered  in  at 
the  same  orifice.  Thus,  as  the  cock  is 
shown  in  the  figure,  any  water  that  ma^ 
be  conveyed  from  the  elevated  reservoir 
h through  the  pipe  g,  which  is  connected 
with  one  of  the  orifices  in  the  cock  at  e, 
would  find  an  immediate  passage  up  tba 
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«ide-pipe  e into  the  upper  part  b of  the  three  feet  high  is  equivalent  to  atmo<> 
rvlindiT.  and  would  tlierefore  press  upon  pheric  pressure,  ornfteen  pounds  upon 
the  top  of  the  piston  and  force  it  down-  the  square  inch,  so  if  we  suppose  the 
wards ; while,  at  the  same  time,  any  air  pipe  g to  be  thirty-three  feet  long  from 
or  other  fluid  that  might  bo  containwl  in  the  surface  of  the  water  in  the  reser- 
the  cylinder  helow  the  piston  could  voir  A,  down  to  the  medium  point  of  the 
escajie  through  the  ascending  side-pipe  cylinder  as  at  e,  then  that  column  of 
d,  and  would  flow  out  from  the  cock  at  water  will  exert  a power  to  move  the 
the  external  orifice  /,  thus  permitting  piston  upwards  or  downwards  equal  in 
the  piston  to  descend  without  impedi-  force  to  fifteen  pounds  multiplied  by  the 
ment.  Having  done  so,  all  that  would  number  of  square  inches  the  piston  m,ay 
be  necessary  to  produce  its  re-elevation  contain,  without  any  deduction  except 
would  be  to  turn  the  lever  or  handle  i of  what  is  necessary  for  the  friction  of  the 
the  cock  downwards  a quarter  of  a revo-  machine.  Now  a cylinder  only  tw  elve 
lution,  by  which  the  two  passages  would  inches  diameter,  will  contain  1 1 .1  square 
be  put  into  such  a position  that  the  water  inches  upon  its  piston,  wtiieh  multiplied 
from  e would  pass  down  the  side-pipe  by  15  pounds  gives  no  less  than  KI5 
d,  and  by  entering  the  lower  part  of  the  pounds  pressure  upon  so  small  a ma- 

S Under  would  force  the  piston  upwards,  chine ; and  as  both  the  height  of  column 
e water  previously  admitted  above  the  and  magnitude  of  the  cylinder  may  be 
piston  being  by  this  means  expelled  at / greatly  increased  without  inconvenience, 
through  the  passage  prepared  for  it,  by  it  will  oe  seen  that  this  is  a most  excellent 
the  above  turning  of  the  cock.  To  stop  andsimplemachine.affording disposable 
the  machine,  the  cock  is  put  into  an  in-  power  applicable  to  any  puipose,  when- 
termediate  position,  which  shuts  all  the  ever  the  two  requisites  for  its  construc- 
four  orifices  at  once,  or  it  may  be  stopped  tion  can  be  obtained,  viz.,  a sufiicicntly 
by  shutting  a cock  in  the  pipe  of  supply  elevated  supply  to  work  the  piston,  and 
at  g ; and  to  cause  the  machine  to  work  a convenient  discharge  for  the  waste 
of  itself  without  attendance,  all  that  is  water  to  escape  after  it  has  ]>erformed 
necessary  is  to  prolong  the  end  of  the  its  duty. 

working-lieam  A,  to  which  the  piston-  So  far,  the  weight  and  moving  im- 
rod  is  attached  as  in  the  steam-engine,  petus  of  water  have  alone  been  noticed 
and  to  fix  a plug-tree  or  rod  1 1 to  such  as  capable  of  producing  power  to  work 
prolonged  txam,  when  the  tappets  or  machinery;  but  a similar  effect  may  also 
proiectlng  pins  mm  will  strike  upon  be  obtained  from  the  re-action  and  cen- 
and  move  the  lever  i of  the  cock  at  the  trifugal  force  of  water  in  machinery 
proper  periods  for  sending  the  water  al-  pro])erly  constructed  for  the  purpose  of 
ternately  above  and  below  the  piston,  obtaining  it,  and  the  present  account  of 
and  thus  keep  the  machine  in  constant  hydraulic  machines  shall  therefore  be 
action.  concluded  by  a description  of  a curious 

This  machine  is  dependant  on  the  prin-  machine  invented  by  Dr.  Barker  to- 
ciples  of  Hydrostatic  pressure,  and  is  in  wards  the  close  of  tlie  seventeenth  cen- 
every  respect  similar  m operation  to  the  tury,  and  w hich  is  generally  known  by  the 
hydrostatic  bellows  or  Bramah's  water-  name  of  Barker  n Centrifugal  Mill.  I n 
press.describcil  in  theTreatin on  Hydro-  this  the  water  does  not  act  by  its  weight 
tlatics.  In  that  treatise  it  is  shown  that  or  momentum,  but  by  its  centrifugal 
the  pressure  of  fluids  is  according  to  the  force  and  the  re-action  that  is  pro<luced 
area  or  surface  upon  which  they  press,  by  the  flowing  of  the  water  on  the  point 
and  the  perpendicular  height  of  the  co-  immediatelv  behind  the  orifice  of  dis- 
lumn,  without  any  regard  to  tlie  quan-  charge.  Its  general  constniclion  is 
tity  of  water  employed,  consequently,  shown  at  fg.  22.  in  which  r « is 
whatever  may  be  the  size  of  the  pipe  g a metal  pipe  of  considerable  height, 
which  conveys  the  water,  the  effect  of  its  top  c being  w idened  or  extended 
that  water  w'ill  be  as  the  area  of  the  into  a funnel  shape.  The  jupe  is 
piston  or  the  cylinder.  The  pipe  0 maintained  in  its  vertical  position,  as 
needs  therefore  be  no  laiger  than  w hat  IS  shown  in  the  figure,  liy  resting  on  a 
necessary  to  convey  a sufficiently  speixly  pointed  steel  pivot  turning  into  a brass 
supply  into  the  cylinder  a h,  for  if  it  w as  box  w at  tlie  lower  extremity,  while  the 
twice  or  thrice  as  large,  the  rapidity  of  upper  part  has  a cylindrical  steel  axis 
tlie  working  alone,  and  not  the  power  passing  through  the  top  y y of  a frame 
of  the  machine,  would  be  affected.  And  which  supports  it : the  pipe  t>  u is  con- 
tince  a column  at  water  about  thir^-  aequentiy  see  to  move  round  upon  ita 
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«wn  axis,  which  it  does  with  very  little  stone  connected  With  its  uliper  end.  This 
friction.  Towards  Ihe  lower  extremity  machine  is  described  and  highly  spoken. 

of  in  almost  all  the  books  that  beat  of 
hydraulic  machinery,  but  it  does  iiot  ap- 
pear to  have  been  carried  into  practical 
effect  in  Kn^land.  Euler  enters  into  an 
elaborate  description  of  the  theory  and 
importance  of  this  machine  in  the  me- 
moirs of  the  Academy  of  Berlin  for  1751, 
and  airrees  with  Bemouilli,  at  the  close 
of  his  Hydraulics,  in  saying  that  it  excels 
all  other  methods  of  employing  tlie  forca 
of  water  to  obtain  motion.  The  power  of 
this  machine  does  not  depend  altogether 
on  the  perpendicular  height  of  the  water 
in  the  pipe  u v,  but  on  the  centrifu^ 
force  that  is  generated  in  the  arms  x a, 
by  which  a much  more  rapid  and  vio> 
lent  discharge  of  the  water  takes  place 
than  would  occur  from  the  elevation  of 
head  alone,  and  by  which  a propor- 
tionate velocity  of  motion  is  also  pro- 
duced. In  Rozier's  Journal  de  Pkynque, 
August  1775,  tliere  is  an  account  of  an 
improvement  of  this  machine  by  M. 
Mathon  de  la  Cour,  in  which  the  water 
is  made  to  ascend  instead  of  descend  into 
the  pipe  u V,  by  means  of  a close  ground 
jMnt:  in  this  way  any  height  of  water 
can  be  conducted  by  close  pipes  to  ope- 
rate on  the  machine  without  increasing 
of  the  pipe  V u,  and  at  right  angles  to  the  height  and  consequent  weight  of  the 
its  axis,  two  or  more  sm^ler  pipes  or  revolving  pipe,  which  makes  the  ma- 
armswith  closed  external  ends  are  in-  chine  much  more  compact  and  ft>M  firmo 
serted,  as  at  z a,  and  an  adjustable  ori-  friction.  Mr.  Waring  describes  a ma- 
lice is  made  at  the  side  of  each  of  these  chine  of  this  description,  on  M.  Mathon 
small  pipes  as  near  as  possible  to  its  de  la  Cour's  construction,  from  his  ovrn 
end,  and  placed  on  opposite  sides  of  inspection,  in  the  3d  vol.  of  the  Trans- 
such  pipes,  so  that  water  issuing  from  aidions  of  the  American  Philosophical 
them  may  spout  horizontally  and  in  op-  Society;  aod  of  which  he  gives  the  fol- 
posite  directions,  as  .shown  at  the  letters  lowing  dimensions.  The  i^ius  of  the 
X and  a.  One  end  of  a pipe  6 comma-  arms  mm  the  centre  pivot  to  the  centre 
nicates  with  a supply  of  water  which  it  ofthe  discharging  holes  forty-six  inches ; 
driivers  into  the  funnel  head  t>,  without  inside  diameter  of  the  arms  three 
touching  it  in  any  part,  and  the  supply  inches ; diameter  of  the  supplying  pipe 
of  this  pipe  must  be  so  regulated  by  a two  inches : height  of  the  working  heu 
cock  or  otherwise,  that  it  may  con-  of  water  twenty-one  feet  above  the  points 
stantly  keep  the  pipe  u v filiM  with  of  discharge.  This,  though  a gieat  fall, 
water  Without  running  over,  at  the  same  is  evidently  a very  small  consumption  of 
time  that  the  discharge  is  going  on  from  water,  since  it  was  all  suppliM  by  a 
the  orifices  z a,  which  will  deliver  their  two-inch  pipe ; and  when  the  machine 
water  with  a force  proportionate  to  Ihe  was  not  loaded,  and  had  but  one  dis- 
perpendicular  height  of  the  column  of  charging  orifice  open,  it  made  115  turns 
water  contained  m u v;  and  since  the  in  a minute.  This  gives  a velocity  of 
holes  z a are  in  onposite  directions,  the  fiirty-six  fret  in  a second  for  the  orifice 
water  in  passing  ilrom  them  will  gene-  of  mscharge,  which  is  nine  feet  and 
rate  such  a resistance  or  re-^on  flve-sixtlis  in  a second  faster  than  the 
as  to  throw  the  pipe  u o,  with  its  water  would  flow  out  under  the  simple 
arms  and  axis  g-,  into  rapid  rotatory  pressure  of  a twenty-one  fret  heul, 
motion,  and  this  axis  may  communi-  which  great  excess  of  velocity  can  only 
eate  its  motion  and  power  to  wheel-  be  attnbuted  to  the  prodigious  centri- 
work  or  machineay,  or  eyen  to  a miU-  fugal  fores  gwerated  in  tM  anna,  and 
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upon  which  this  machine,  in  a g^t 
measure,  depends  for  its  action.  Bar- 
ker's mill  is  a machine  which  is  very 
warmly  recommended  to  practice  by  all 
the  eminent  mechanics  who  have  inves- 
tigated the  subject ; and  considering  the 
high  respectabUity  of  their  names,  and 
the  simplicity  and  cheapness  of  the 
machine,  it  cannot  but  be  matter  of 
surprise  tliat  no  attempts  at  its  con- 
struction on  a large  scale  have  been 
made  in  Great  Britain,  where  the 
motive  power  of  water  has  been  more 
extensively  used  than  in  any  other  part 
of  the  world,  and  has  in  no  small  de- 
gree contributed  to  that  pre-eminent 
excellence  which  our  country  is  ac- 
knowledged to  have  obtained  in  her 
various  manufacturing  processes.  The 


application  of  water  to  the  driving  of 
machinery  is  so  simple,  so  cheap,  so 
constant,  and  etjuable  in  its  action, 
that  it  amply  ments  the  preference  con- 
stantly shown  to  it  whenever  it  can  be 
obtained:  but  it  frequently  happens, 
that  motion  and  power  are  required  for 
machinery,  where  the  stream  may  not 
be  sufficiently  powerful  all  the  year 
round  to  drive  a large  wheel ; and  in 
that  case,  two  smaUw  water-wheels 
are  to  be  preferred  to  one  large  one  ; 
because  the  one  wheel  may  be  driven 
when  there  is  not  water  enough  for 
both ; besides  which,  it  affords  an  op- 
portunity of  repairing  one  wheel  while 
the  other  may  be  at  work,  and  posses- 
ses other  praracal  advantages. 


Chaptib  IV. 

BOOKS  UPON  THIS  BKANCR  OP  SCIXNCB. 


HydrauUct  in  general, 

Tai  principal  books  on  these  subjects  are  chiefly  by  foreign  authors,  and 
were,  till  lately,  in  foreign  languages.  Amongst  the  most  conspicuous  are ; — 
Architecture  Hydraulique,  par  M.  BeUdor,  4 vols.  4to.  Paris,  (1782.) 

Nouvelle  Architecture  Hydraulique,  par  M.  Prony.  Paris,  (1796.) 

Principes  d'Hydraulique,  par  Du  Buat,  2 vols.  8vo.  Paris,  0786.) 
Hydrodynamica,  sive  de  Viribus  et  Motibus  Fluidorum,  Commentarii,  Dan. 
Bemoullii.  4to.  Strasburg,  (1738.) 

Opera  Hydraulics  de  ,Toh.  BernouUii,  vol.  4.  Lausanne,  (1742.) 

Tmt6  06mentaire  d'Hydrodynamique,  par  Bossut,  2 vols.  8vo.  Paris,  (1771.) 
Jacob  Leopold,  Theat.  Machinarum  hymaulioarum,  (1724,  1725.) 

(Among  the  best  English  works,  and  translations  on  the  subjects  generally, 
are) : — 

A Treatise  of  Mechanics,  by  Olinthus  Gregory,  LL.D.,  Prof.  Math,  in  the 
Roy.  Mil.  Acad.,  Woolwich,  2 vols.  8vo.  lamdon,  (1826.) 

Lectures  on  Natural  Philosophy,  by  lliomas  Young,  M.  D.,  2 vols.  4to. 
London,  (1807.) 

The  Works  of  Vitruvius,  translated  from  Latin,  by  Newton,  2 vols.  fol., 
(1791.) 

Emerson'.s  Principles  of  Mechanics,  4to.  London,  (1758.) 

Ency.  BriL,  Art  Hydraulice  and  River. — Manv  valuable  detached  articles 
throu^out  the  Trans,  of  the  Society  of  Arts — The  Repertory  of  Arta— Nichol- 
son's IM.  Journal — ^The  Philosophical  Magazine. 

Particular  Subjects. 

Experimental  Inquiry  on  the  Power  of  Mills,  by  John  Smeaton,  F.  R.  S„  I 
vol.  8vo.,  London,  (1796.)  Also,  Smeaton's  Reports,  3 vols.  4to.  (1812.) 

A Treatise  on  Mills,  by  John  Banks,  1 vol.  Svo.,  (1815.)  also,  by  the  same, 
on  the  Power  of  Barker's  Mill,  Westgarth's  Engine,  &c.,  1 vol.  8vo.,  (1803.) 
Practical  Essays  on  Mill-work,  by  R.  Buchanan,  2 vols.  8vo.,  (1823.) 
Experimental  Inquiry  concerning  the  Motion  of  B'luids,  by  J.  B.  Venturi 
translated  by  W.  Nicholson,  1 vol.  8vo.,  London,  (1799,) 

A Treatise  on  Rivers  and  Torrents,  by  P,  Frisi,  tran^ted  by  Mqj,-Gen.  John 
Garstin,  1 voL  4to„  London,  (1818.) 


Digitized  by  Google 


PNEUMATICS 


CaAPTSit  I. 

Dtvuton  qf  BodietSubjeet  qf  PneU'^ 
matici. 

(1.)  Matibiax  stjBSTAWcis,  in  i-efer 
ence  to  their  mechanical  poperties,  are 
divided  into  lolidt  and  Jluidt. 

Wood,  stone,  metal  in  its  ordinary 
state,  are  instances  of  solids.  One  of 
the  most  striking  mechanical  peculiari- 
ties of  this  class  is  that,  if  to  such  a 
body  any  force  be  applied,  the  whole 
mass  will  be  moved  without  suffering 
any  change  in  its  figure  or  shape. 

Water,  quicksilver,  melted  metal,  air, 
steam,  are  instances  of  fluids.  This 
class  of  bodies  differ  essentially  in  their 
mechanical  properties  from  the  former. 
That  cohesion  of  parts  which  is  the 
cause  of  the  preservation  of  the  figure 
of  a solid,  notwithstanding  the  applica- 
tion of  a foroe  tending  to  change  the 
figure,  has  here  no  existence  whatever, 
‘nie  parts  of  a fluid  are  perfectly  free  to 
move  among  each  other,  and  immedi- 
ately yield  upon  the  application  of  the 
smallest  force.  Fluids  easily  allow  solid 
bodies  to  pass  through  them,  and  their 
surfaces  always  compose  themselves 
into  a perfect  level.  On  the  other  hand, 
the  cohesion  of  the  parts  of  solids  do 
not  permit  the  passage  of  another  body 
through  them  unless  extraordin^ 
force  be  used,  and  their  surfaces  main- 
tain any  position  with  respect  to  a level 
or  horixontal  plane  in  which  they  may 
happen  to  be  placed. 

(2.)  Fluids  are  divided  into  two  veiy 
distinct  classes,  denominated,  from  their 
characteristic  mechanical  properties, 
elcutie  and  ineltutic. 

If  a strong  cylindrical  vessel,  of  which 
A B (/7g.  1 .)  is  a section,  be  fiUed  to  the 
height  C with  water,  and  a piston  or 
plug  D,  accurately  fitting  the  vessel, 
and  capable  of  moving  water-tight  in  it, 
be  intnxiuced  over  the  surface  of  the 
water,  and  a pressure  be  exerted  on 


that  surface  by  'means  of  the  piston,  it 
will  be  found  that  no  pres-  ^ I 
sure  which  can  be  produced  - 
will  force  the  surface  of  the 
water  lower  in  the  vessel 
than  its  original  height  C. 

Now  let  us  suppose  the®j| 
water  discharged  fiom  the 
vessel  A B,  and  its  place 
occupied  by  common  air. 

T,et  the  piston,  as  before,  be 
introduced  into  the  cylinder, 
fitting  it  so  that  no  lur  can 
escape  between  the  piston 
and  the  cylinder.  A pres- 
sure being  now  exerted  on 
the  piston  it  will  immediately 
descend;  but  the  momcnbAjUjg.S 
the  pressure  is  removed,  it 
will  ^in  ascend,  and  resume  its  first 
position. 

(3.)  The  property,  in  virtue  of  which 
the  water  resisted  the  descent  of  the  pis- 
ton and  would  not  admit  of  a diminished 
bulk,  is  called  incomprettibility ; and, 
on  the  other  hand,  the  property  by  which 
the  air  admitted  the  descent  of  the  pis- 
ton and  was  forced  into  a less  bulk,  is 
called  compmribtlity.  Again,  the  pro- 
perty manifested  by  the  air  in  forcing 
back  the  piston  when  the  pressure  was 
removed,  and  resuming  its  onginal  bulk, 
is  called  eUatidty. 

It  appears,  therefore,  that  elasticity 
supposes  compressibility,  and  a body 
which  is  incompressible  must  necessa- 
rily be  also  indastic.  Hence  water  is 
an  inelastic,  air  an  elastic  fluid. 

Strictly  speaking,  neither  water,  nor 
any  other  liquid  imeh  we  know  of,  is 
perfectly  incompressible  or  inelastic.  It 
was  long  supposed  that  water  possessed 
neither  of  these  properties ; but  accurate 
eimeriments  have  shown,  that  it  and 
other  liquids  are  both  compressible  and 
elastic.  A pressure  of  lilbs.  on  each 
square  inch  of  surface,  reduces  the  bulk 
of  water  by  one  part  in  21/40.  The  de- 
grees of  compressibility,  however,  which 
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are  found  in  liquids,  are  so  inconsider- 
able. that  tl»e  qualify  of  compressi- 
bility in  these  substances  is  rather  to  be 
looked  upon  os  aphilotophtcal fact,  than 
as  a property  to  be  taken  into  account 
in  mechanicsu  investigations.  Accord- 
ingly, in  all  mechanicid  treatises,  liquids 
and  airiform  bodies  are  considerM  to 
be  distinguished  as  we  have  already  ex- 
plained ; and  when  their  properties  are 
expressed  mathematically,  the  formulae 
for  tlie  one  are  founded  on  the  supposi- 
tion of  their  being  inelastic,  and  for  the 
other  of  their  being  elastic. 

The  same  property  of  incompressi- 
liility  which  we  have  just  explained  in 
water,  is  common  to  all  that  class  of 
fluids  which  are  called  liquids,  such 
as  mercury,  alcohol,  &c. ; and  the 
property  of  elasticity  explained  in  the 
instance  of  air  is  common  to  all  fluids 
of  the  gaseous  or  vaporous  form,  such 
as  all  the  gases,  steam  raised  by  heat 
from  all  species  of  liquids,  &c. 

This  manifest  and  important  mecha- 
nical distinction  between  the  two  classes 
of  fluids  gives  rise  to  a corresponding 
division  in  that  part  of  mechanical  phi- 
losophy which  treats  of  their  properties. 
That  which  treats  of  the  mechanical 
properties  of  elastic  fluids,  and  which 
forms  the  .subject  of  the  present  treatise, 
is  called  Pneumatics,  from  the  Greek 
word  (jmeuma,)  which  signifies 

breath  or  air. 

(4.)  The  various  elastic  fluids  differ 
one  from  another  in  many  respects.  One 
of  the  most  striking  distinctions  is,  that 
some  are  permanently  elastic,  and  others 
not.  Those  which  .are  incapable  by  any 
known  means  of  being  converted  into  a 
liquid  are  called  permanently  elastic 
fluids.  Such,  for  example.  Is  air.  On 
the  other  hand,  those  which,  by  being 
submitted  to  preraure  or  exposed  to  cold, 
are  reduced  to  liquids,  are  not  perma- 
nently elastic,  and  are  generally  called 
vapours.  Such,  for  example,  is  steam. 
Besides  this,  there  are  many  other  dis- 
tinctions between  clastic  fluids,  arising 
out  of  their  chemical  properties.  It 
will  not,  however,  be  necessary  here  to 
inquire  into  these,  since  the  mechanical 
properties  which  we  shiJl  have  to  con- 
sider in  the  present  treatise  are  common 
to  all  clastic  fluids,  whatever  be  their 
differences  as  to  permanent  elasticity  or 
any  other  properties.  The  elastic  fluid 
with  which  we  are  most  familiar  is  at- 
mospheric air,  and  it  possesses  all  the 
meAanical  properties  which  we  shall 
have  to  notice  in  any  elastic  fluid.  For 


this  and  other  reasons  it  will  be  conve- 
nient to  adopt  it  as  the  representative  of 
elastic  fluids  in  general,  and  there  will 
be  no  difficulty  in  applying  to  them  the 
conclusions  to  which  we  may  arrive. 


Chapter  II. 

Air  possesses  the  universal  Properties 

of  Matter — Impenetrability,  Inertia, 

Mobility,  and  Weight. 

(5.)  Air  being  apparently  an  invisible, 
intangible  substance  in  which  we  freely 
move,  it  may  at  first  be  doubted  whether 
it  be  matter  or  not.  It  should  be  ob- 
served, that  the  properties  of  substances, 
even  those  with  which  we  are  most  ha- 
bitually conversant,  do  not  always  offer 
themselves  immediately  to  the  observa- 
tion of  the  senses,  and  that  in  noticing 
them  our  senses  must  often  be  guideel 
by  philosophical  considerations.  Not 
that  these  philosophical  considerations 
add  any  thing  to  llie  certitude  derived 
from  the  senses,  but  rather  that  they 
direct  the  senses  to  the  proper  objects  of 
attention.  Let  us  then  consider  how  we 
should  use  the  senses  in  deciding  the 
question,  whether  air  lie  material  or 
not  ? We  know  that  there  are  certain 
properties  which  any  thing  must  have  in 
order  to  be  material,  and  tliat  having 
these  properties  it  is  necessarily  one  of 
that  class  of  beings  wliich  we  denote  by 
the  term  matter.  Air,  then,  will  be  ma- 
terial or  not,  according  as  it  is  found  to 
possess  or  not  these  requisite  qualifica. 
tions.  Tlie  principal  of  these  properties 
are,  impenetrability,  inertia,  mobility, 
and  tceight. 

(6.)  Impenetrability  is  that  properly 
by  which  a body  occupies  any  space  to 
the  exclusion  of  every  other  body,  or  so 
that  no  other  body  can  fill  that  space 
until  the  other  deserts  it. 

(7.)  Air  is  impenetrable. 

There  are  various  experimental  proofs 
of  this  proposition.  Let  A B tflg  2.)  be 
a glass  receiver,  or  cylindrical  vessel, 
containing  water  to  tlie  level  B,  and  let 
C D (flg.  3.)  be  a smaller  vessel  of  the 
same  kind  empty,  and  having  an  aper- 
ture in  the  bottom  furnished  with  a stop- 
cock at  F.  Let  a cork  or  other  light 
body  be  placed  floating  on  the  surface  of 
the  water  at  G,  and  the  stop-cock  F 
being  closed,  let  the  vessel  G D be  in- 
verted over  the  cork  G,  (as  at  fig  4.) 
and  let  its  mouth  D be  pressed  into  liie 
water  to  any  convenient  depth.  It  will 
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be  found  that  the  water  wiU  not  enter 
the  inverted  receiver,  excej>t  to  a very 
limited  height  as  E,  as  will  be  made 
visible  by  the  cork  floating  on  the  sur- 
face and  seen  through  the  glass.  Thus 
the  air  in  the  receiver  wliich  occOTics 
the  space  C E excludes  the  water.  That 
this  is  the  cause  of  its  exclusion  will  be 
rendered  apparent  by  opening  the  stop- 
cock F,  by  which  the  air  which  hitherto 
preventea  the  ascent  of  the  water  be- 
yond the  level  £ will  escape,  and  the 
water  will  immediately  rise  until  it  as- 
sumes the  same  level  m both  receivers. 

Again,  if  the  piston  described  in  (2.) 
be  forced  against  the  air  confined  in  the 
cylinder,  it  will  be  found  that  no  force 
whatever  will  compel  it  to  reach  the 
bottom ; however  strong  the  apparatus 
may  be,  it  will  burst  or  break  bmre  this 
can  happen. 

(8.)  In  both  of  these  experiments  it 
might  seem  that  the  air  was  partially 
penetrable,  since  in  the  former  the  water 
entered  the  cylinder  to  the  height  E,  and 
in  the  latter,  although  the  piston  oould 
not  be  forced  to  the  bottom,  yet  it  was 
found  to  approach  it.  These  efibets, 
however,  were  not  produced  by  the  pe- 
netration of  the  air  contained  in  the 
respective  vessels,  but  by  its  compres- 
sion. The  air  in  both  cases  rielded  to 
the  body,  which  entered  the  cylinder  and 
contracted  itself  into  a smaller  space. 

It  would  be  very  eaw  to  multiply 
proof!,  of  the  existence  of  this  property 
in  air,  but  it  is  the  less  necessary,  as  ad- 
ditional proofi  of  it  will  be  perceived  in 
many  of  the  experiments  which  we  shall 
have  to  describe  for  other  purposes. 
The  same,  indeed,  may  be  said  of  all 
the  other  properties  of  air  which  we  are 
about  to  establish,  and  such  is  ever  the 
nature  of  principles  established  by  philo- 
sophical investigation.  They  are  con- 
tinually reappearing  and  soliciting  our 
notice  when  we  are  not  seeking  them, 
and  we  recognise  fresh  proofs  of  tliein 
m investigations  apparently  the  most 


remote  from  those  in  which  they  first 
originated. 

The  quality  in  air  which  we  have 
called  tmpenelrabilily,  is  sometimes 
called  rohdity,  and  air  is  said  to  be 
tolid.  There  is,  however,  an  objection 
to  the  use  of  this  term  in  this  sense. 
Solid  has  already  been  used  in  opposi- 
tion to  fluid,  and  air  is  of  the  latter 
class.  The  word  tolid  would  thus  be 
used  in  hvo  different  senses,  which 
should  be  avoided.  We  have,  there- 
fore, in  the  present  instance,  thought  it 
better  to  express  that  universal  property 
of  all  species  of  matter  by  which  it  re- 
fiises  admission  of  other  matter  to  the 
ace  it  fills  until  it  has  deserted  it,  by 
e negative  term  impenetrability, 

(9.)  Air  is  inert  and  moveable. 

The  quality  of  inertia  which  is  known 
as  an  univei^  prope^  of  matter,  is 
that  in  virtue  of  which  it  requires  a cer- 
tain effort  or  force  to  produce  motion  in 
matter  if  it  be  at  rest,  and  to  destroy  or 
modify  any  motion  which  it  has  if  not 
at  rest. 

That  air  possesses  inertia  we  have 
numerous  and  familiar  proofs.  Wind 
is  notliing  but  air  in  motion.  Any  ob- 
stacle which  opposes  this  motion  sus- 
tains a considerable  pressure,  and  must 
exert  a proportionate  resistance,  other- 
wise it  will  be  carried  forward  with  the 
body  of  moving  air.  Such  are  the 
effects  of  wind  on  balloons  and  other 
bodies  floating  in  the  atmosphere.  Also 
on  ships  and  all  bodies  floating  on  water 
which  present  sufficient  surfaces  in 
opposition  to  tlie  wind,  such  as  sails. 
Nay,  we  find,  notwithstanding  the  ex- 
treme thinness  of  the  atmosphere  which 
surrounds  us,  that  it  is  capable  of  ex- 
erting very  powerful  degrees  of  force 
when  it  acquires  sufficient  velocity: 
witness  the  effects  of  burric.mcs  in  agi- 
tating the  waters  of  the  oce,in,  in  tearing 
up  by  the  roots  the  largest  trees,  in 
overthrowing  buildings,  &c.  These 
effects  establish  beyond  question  tlia 
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great  force  whicli  iH  necessary  to  destroy 
or  modify  the  motion  of  air. 

If  the  atmosphere  be  quiescent  and 
there  be  no  wind,  there  is  a resistance 
opposed  by  it  to  the  passage  of  any  body 
through  it.  This  resistance  is  pr^uced 
Dy  the  force  exerted  by  the  body  so 
passing  through  it  in  displacing  the  air 
m its  progress.  When  the  motion  is 
slow,  and  the  surface  of  the  body  which 
faces  the  direction  of  tlie  motion  not 
very  great  in  proportion  to  the  whole 
Doay,  this  resistance  is  perhaps  not  sen- 
sibly  felt.  But  if  the  motion  be  accele- 
rated or  the  surface  much  enlarged,  it  is 
instantly  perceived.  In  walking  at  a 
moderate  pace  on  a calm  day  we  do  not 
easily  feel  the  resistance  of  the  air,  but 
if  we  increase  our  speed  and  run,  we 
find  the  same  effect  as  if  a wind  were 
blowing  in  our  face ; this  effect  increases 
in  proportion  to  the  speed,  and  is  very 
obvious  when  iiding  or  driving  ra- 
pidly. 

If  a large  fan  or  an  open  umbrella  l>e 
moved  slowly  against  the  calm  air.  the 
resistance  will  be  instantly  felt,  and  a 
considerable  exertion  will  be  necessary 
to  sustain  the  motion. 

(10.)  Air  has  weight. 

If  our  object  be  merely  to  establish 
the  /act  that  air  is  heavy,  the  most 
direct  method  is  to  weigh  it  by  the 
usual  means,  a balance.  But  if  it  lie 
required  to  ascertain  with  great  nicety 
its  degree  of  weight  or  spect/e  gravity, 
other  less  direct  but  more  accurate 
means  nuist  be  resorted  to.  In  the 
present  instance  we  shall  be  content 
with  establishing  the  /act  that  air  has 
weight. 

There  are  some  very  obvious  effects 
which  plainly  indicate  this.  It  is  shown 
in  our  treatise  on  Hydrostatics,  that  when 
a ligliter  body  is  placed  in  a fluid  it  as- 
cends in  it,  and  that  if  it  so  ascend  it 
must  be  lighter  than  the  fluid  in  which 
it  moves.  Now  there  can  be  no  doubt 
that  a balioon  has  weight,  and  yet  it 
ascends  in  the  atmosphere.  The  atmos- 
phere must  then,  bulk  for  bulk,  be  hea- 
vier than  the  balloon.  Besides  this,  the 
clouds  which  we  see  floating  in  the  at- 
mosphere are  generally  composed  of 
water,  as  is  proved  by  their  frequently 
falling  in  ram.  They  have  lliereforc 
weight,  but  yet  must  be  lighter  than  the 
atmosphere  in  wliich  they  are  sus- 
pended. 

If  a piston  move  in  a cylinder  so  as 
to  be  (ur-tight  and  be  provided  with  a 
valve  which  opens  upwards,  upon 


pressing  tlie  piston  to  the  bottom  of  the 
cylinder,  the  air  contained  in  the  cylin- 
der will  be  forced  llux)ugh  the  valve  in 
tlie  piston.  Let  us  then  suppose  the 
piston  in  close  contact  with  the  bottom 
and  sides  of  the  cylinder,  all  air  having 
been  excluded:  upon  attempting  to 
draw  the  piston  up,  it  will  be  found  that 
very  considerable  force  will  be  neces- 
sary ; and  tliat  when  sufficient  effort  has 
l>een  used,  and  the  piston  has  been 
brought  to  the  top  of  the  cylinder,  if  it 
bo  disengaged  from  the  a^nt  which 
drew  it  up,  it  will  descend  with  P^at 
force  and  strike  the  bottom,  ^lis 
effect  plainly  indicates  the  weight  of  the 
air  pressing  on  the  upper  surface  of  the 
piston.  This  is  what  is  vulgarly  called 
tuction ; as  if  there  were  some  force 
within  the  cylinder  which  drew  the  pis- 
ton to  the  Ixittom.  But  within  the  cy- 
linder is  nothing  but  empty  space,  and 
it  is  plainly  unreasonable  to  ascribe  to 
empty  space  any  mechanical  influence. 

That  it  is  the  weight  of  the  incumlient 
atmosphere  pressing  on  the  upper  sur- 
face of  the  piston  which  forces  it  to  the 
bottom  of  uie  cylinder,  is  still  further 
proved  by  the  fact,  that  if  the  upper 
surface  of  the  piston  be  increased,  Uie 
force  which  presses  it  down  will  lie  also 
increased,  and  what  is  more,  w’ill  be  in- 
creased in  precisely  the  same  pre^rtion 
as  the  surface  of  the  piston.  In  fact, 
it  is  found  that  when  all  air  or  other 
elastic  fluid  has  been  expelled  from  be- 
neath the  piston,  there  wul  be  a pressure 
amounting  to  about  flftcen  pounds  on 
every  square  inch  of  the  upper  surface 
of  the  piston ; from  which  we  may  infer 
that  a column  of  air,  having  a square 
inch  for  its  base,  and  which  extends 
from  the  surface  of  the  earth  to  the  top 
of  the  atmo^here,  weighs  about  fifteen 
pounds*.  Tne  atmospheric  engine  is  a 
machine  whose  efficacy  depends  on  the 
principle  which  we  have  been  just  ex- 
plaining. In  this  machine  the  wejght 
of  the  atmosphere  is  used  as  a 
mover  in  pressing  a piston  to  the  bottom 
of  a cylindert. 


* lu  w«ifht  within  narrow  limita,  as  will 

appear  hereafter.  Fifteen  pounds  majr  be  eonaidered 
an  arerage  in  round  numbers. 

i la  calculating  the  atmospheric  pressure  on  anjr 
surface,  it  it  oeeessarj'  to  determine  the  number  ei 
s(|Uare  inches  in  (he  surface.  As  it  often  happens 
that  the  surface  thus  to  be  meaHured  is  circular,  it 
may  be  useful  to  have  a short  and  easy  rule. by  which 
the  number  of  s<]uare  inches  in  a circle  of  a giren 
diameter  may  be  found.  The  foUon'iog  rule  will  be 
found  to  serve  this  purpose:— 

Xet  half  tMe  diameter  of  Me  circle  expres$ed  ta 
iaehet  be  fomad,  and  ilt  sfaore  taften.  and  let  this 
ffuare  aw/fip/ied  by  ths  timber  3.1415,  and 
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But  there  U a still  more  conclusive 
arsrument  that  it  is  the  weight  of  the 
atnu^here  which  presses  down  the  pis- 
ton If,  by  a valve  in  tlie  bottom  of  the 
cylinder,  the  air  be  admitted  below  the 
piston,  it  will  no  longer  be  pressed 
down,  or  rather  it  will  pressed  both 
upwards  and  downwards  by  equal  forces, 
and  will  be  indifferent  as  to  its  ascent 
or  descent,  except  so  far  as  the  weight 
of  the  piston  itself  will  produce  the 
effect.  This  is  owing  to  a property  of 
air.  by  which  it  presses  equally  m every 
direction,  which  we  shall  explain  more 
fully  hereafter.  (13.) 

The  most  direct  proof,  however,  that 
air  is  a heavy  substance  is,  that  it  can 
be  directly  weighed. 

Let  a phial  be  provided,  containing 
not  less  than  two  quarts,  and  having  a 
stop-cock  screwed  upon  its  neck.  By 
means  of  the  tur-pump  or  exhausting 
syringe,  which  will  be  described  here- 
after, the  air  may  be  withdrawn  from  this 
vessel.  When  this  has  been  done,  and 
the  stop-cock  closed,  let  it  be  suspended 
from  one  arm  of  a very  accurate  ba- 
lance, and  an  exact  counterpoise  placed 
in  the  opposite  scale-pan.  The  empty 
phial  is  thus  balanced.  When  the  beam 
ceases  to  vibrate  and  becomes  steady, 
open  the  stop-cock  and  admit  the  air 
into  the  phial.  It  will  immediately  pre- 
ponderate, and  it  will  be  found  that  to 
restore  the  equilibrium  a weight  must 
be  placed  in  the  opposite  pan,  at  the  rate 
of  about  523  grains  for  every  cubic  foot 
of  air  contained  by  the  Irottle.  Since 
there  are  1000  ounces  in  a cubic  foot  dt 


product  will  the  nmmber  0/  tquare  iuchee  ia  the 
einle. 

Thii  roll!  will  tHe  nira  of  th«  circle  to  witbia 
one  lO.OOOih  part  of  the  eMiiare  of  half  iu  diameter. 
The  fullowin  j eaample  will  serre  to  hbow  the  appli- 
cation of  thia.nile.  Let  the  diameier  of  the  cirrie  be 
94  inches.  The  of  half  tfaia  U ISxlisUia 

llenoe  the  area  will  be  found  thus: 
lU 

3.1415 


459.3760 


which  expraiaea  the  number  of  aqoare  i&ehes  in  the 
circle  to  within  one  hundred  and  fortT^four  10,000th 
of  an  inch. 

'Jlte  area  majr  be  found  without  decimal!  bf  the 
following  role;  Lei  the  diameter  of  the  eirele  be 
squared^  a^  Hi  square  dimded  by  14.  //  the  quote 
be  multi f lied  by  11,  Me  product  will  be  the  area 
nearly.  Thus,  m the  preceding  example,  the  diame- 
ter ik  S4,  the  square  of  which  i«  576;  this  divided 
hy  14.  gir^  41  which,  being  nslupU^  bjr  11, 
givee  459  f • 


water,  it  follows  that,  bulk  for  bulk, 
water  is  about  840  times  the  weight  of 
air. 

(11.)  Many  effects  with  which  we  are 
famiUar,  and  which  oficn  excite  our 
cmnosity,  are  accounted  for  by  the  gra- 
vitation of  the  atmo.sphere.  If  tJie 
nozzle  and  the  valve-hole  of  a pair  of 
bellows  be  sto)>pcd,  it  will  be  found  that 
a very  considerable  force  will  be  neces- 
sary to  separate  tlie  boards.  This  is 
owing  to  tlie  air  not  being  permitted  to 
enter  at  the  usual  apertures,  to  resist  the 
pressure  of  the  atmosphere  on  the  ex- 
temal  surfaces  of  the  boards.  Shell- 
fish which  adhere  to  rocks,  snails,  and 
other  animals,  have  a power  by  muscu- 
lar exertion  of  exiielhng  the  air  from 
between  the  surface  of  the  rock  and  the 
surface  wliieh  they  apply  to  it,  in  consc. 
qucnce  of  which  they  arc  pre.ssed  upon 
the  rock  by  the  atmo.sphere  with  a force 
of  about  fifteen  pounds  for  every  square 
inch  in  the  surfkce  of  contact.  The 
same  cause  enables  flies  and  other  ani- 
mals to  walk  on  a iierpendicular  plane  of 
glass  or  on  the  lower  surface  of  an  ho- 
rizontal plane,  apiiarenlly  su.spended  by 
their  feet,  and  with  their  bodies  down- 
wards. This  has  lately  been  proved  to 
arise  from  a power  of  expelling  the  air 
from  between  their  feet  and  the  surface 
on  which  they  tread,  so  as  to  obtain  a 
pressure  from  the  atmosphere  propor- 
tionate to  the  magnitude  of  the  soles  of 
their  feet. 

Chapter  III. 

Of  the  Weight  of  the  Atmotphere — The 
Barometer. 

(12.)  Having  in  the  last  chapter  con- 
sidered in  a general  way  those  proper- 
ties which  elastic  fluids  nave  in  common 
with  every  species  of  matter,  we  shall 
now  examine  more  particularly  the 
weight  of  the  atmosphere  and  the  me- 
thods of  measuring  it.  It  will  be  neces- 
sary first,  however,  to  mention  a qua- 
lity of  all  fluids,  whether  elastic  or  ine- 
lastic, to  which  we  shall  have  occasion 
to  allude. 

(13.)  One  of  the  most  striking  proper- 
ties by  which  fluids  are  distinguished 
from  solids,  and  that  indeed  w hich  has 
been  adopted  in  mechanical  science  as 
the  definition  of  a fluid,  is  the  quality  by 
which  it  is  capable  of  transmitting  pres- 
sure equally  in  every  direction. 

To  explain  this,  let  us  suppose  a ves- 
sel of  any  shape  completely  tilled  with  a 
fluid  ana  closed  at  every  part,  so  that 
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the  fluid  is  confined  witiun  it,  and  has 
no  opening  through  which  it  can  escape. 
Let  a hole  be  cut  any  where  in  this  ves- 
sel of  any  proposed  magiutude,  as  a 
square  inch,  and  let  the  piece  cut  out 
be  imagined  to  be  replaced  by  a solid 
piston  fitting  the  hole,  so  that  the  flirid 
cannot  escape  between  it  and  the  sides 
of  the  hole.  We  shall  suppose  the  fluid 
inelastic.  Let  a pressure  equal  to  one 
pound  weight  urge  the  piston  inwards. 
Such  is  the  peculiar  nature  of  fluidity, 
that  a pressure  of  one  pound  will  be 
exerted  on  every  square  inch  of  the 
inner  surface  of  the  vessel,  so  that  by 
an  actual  pressure  amounting  to  one 
pound,  an  effective  pressure  of  as  many 
pounds  as  there  are  square  inches  on 
the  inner  surface  of  the  vessel  will  be 
tlius  produced.  This  p^ect  power  of 
transmitting  pressure  is  the  specific 
attribute  of  fluids  whether  elastic  or  in- 
elastic, and  it  is  the  mechanical  proper^ 
which  forms  the  basis  of  all  mathemati- 
cal treatises  on  the  theory  of  fluids. 

(14.)  We  shall  now  enter  more  mi- 
nutely into  the  consideration  of  the 
weight  of  the  atmosphere. 

Let  A B S.)  be  a glass  tube  up- 

fig.6. 

" H 


E 


51am  ei<ir»rn  <U1m1  to  C D 


wtth  qoickhilrtr. 

wards  of  thirty-two  inches  in  length, 
open  at  one  extremity  A,  and  closed  at 
the  other,  B.  Tlic  tube  having  been 


carefully  cleaned  on  the  inside,  let  a 
quantity  of  mercury  (quicksilver,)  well 
cleansed  and  purged  of  air  by  boiling, 
be  provided.  Turning  the  closed  end^ 
of  the  tulre  down,  let  it  be  filled  with 
the  mercury  through  the  open  end  A. 
Let  a small  cistern  C D be  alw  provided, 
and  filled  with  mercury  to  the  height 
C D.  Placing  the  finger  firmly  on  the 
end  A,  so  as  to  prevent  the  mercury 
from  escaping  out  of  the  tube,  let  it  he 
inverted,  and  the  open  end  A plunged 
in  the  vessel  of  mercury.  When  the 
mouth  A of  the  tube  is  below  the  sur- 
face C D of  the  quicksilver  in  the  cistern, 
let  the  finger  be  removed  from  the  aper- 
ture A,  the  mercury  in  the  tube  will 
then  be  observed  to  fall  to  the  height  E, 
about  twenty-nine  or  thirty  inches  above 
the  surface  C D,  and  there,  after  a few 
vibrations,  it  will  rest. 

It  must  no  doubt  excite  inquiry,  why 
the  column  F E of  mercury  remains 
suspended  in  the  tube,  and  why,  as 
mi^t  naturally  be  expected,  the  surface 
E 3oes  not  fall  to  the  level  D C of  the 
mercury  in  the  cistern  ? A little  consi- 
deration will,  however,  solve  this  diffi- 
culty. It  will  be  remembered,  that  the 
tube  being  closed  at  B,  the  space  B E is 
a perfect  void,  in  which  there  is  neither 
air  nor  anv  other  fluid.  The  column  of 
mercury  E F therefore  presses  with  no- 
tliing  but  its  own  weight  on  the  level 
C F D of  the  mercury  in  the  cistern  ; for 
in  this  pressure  the  w eight  of  the  atmos- 
phere has  no  part,  since  it  is  excluded 
from  above  tiie  surface  of  the  mercury 
E.  The  pressure  thus  exerted  at  F,  by 
the  weight  of  the  column  E F,  is,  by 
the  property  of  the  liquid  mercury  de- 
scribed m (13),  transrmtted  to  the  exte- 
rior surface  ()  F of  the  mercury  in  the 
ci.stem,  and  gives  that  surface  a tendency 
to  rise  with  an  equivalent  force.  Th^ 
this  surface  umtUI  rise  is  certain,  were 
it  not  resisted  by  a force  accurately  equal 
and  opposite  to  that  we  have  just  men- 
tioned. This  force  is  the  weight  of  the 
atmosphere  itself  resting  on  the  surface 
C F.  Thus,  then,  it  appe^  that  the 
atmosphere  must  necessarily  press  on 
the  surface  CF  with  a force  exactly 
equal  to  that  with  which  the  weight  of 
the  column  of  mercury  F £ presses  on 
tlie  level  F. 

If  we  were  to  suppose  the  ba.se  of  the 
column  F E 1 0 be  equal  to  a square  inch, 
it  would  therefore  follow  that  the  at- 
mosphere pre.sses  on  every  square  inch 
of  the  surface  of  tlie  mercuir  in  the  cts- 
tem  CD,  with  a force  equal  to  the 
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weifrht  of  a column  of  mercury,  whose 
base  IS  a square  inch  and  whose  height 

IS  FE. 

It  might  appear,  that  in  this  experi- 
ment the  weight  of  the  column  of  mer- 
cury F E suspended  in  the  tube  must  be 
equal  to  the  total presmre  on  the  surface 
of  the  mercury  in  the  cistern,  and  that, 
therefore,  (supposing,  as  before,  the  base 
of  tlie  column  m the  tube  to  be  equal  to 
a square  inch,)  this  pressure  being  dis- 
tributed over  as  many  square  inches  as 
are  in  the  siu-fiice  of  the  mercury  in  the 
cistern,  the  proportion  of  pressure  by 
which  the  ascent  of  each  square  inch 
must  be  resisted,  is  as  many  times  left 
than  the  weight  of  the  column  F E,  as 
the  surface  of  the  mercuiy  in  the  cistern 
Is  greater  than  the  base  of  the  column. 
Tlua,  however,  is  not  the  case ; for  it  is 
the  peculiarity  of  fluids,  not  merely  to 
transmit  pressure  equally  in  every  direc- 
tion,  but  to  transmit  whatever  pressure 
Is  exerted  on  any  one  part  of  its  surface, 
undiminished,  io  every  part  equal  in 
magnitude  with  the  first. 

(15.)  If  a scale  be  adapted  to  the  tube 
A B,  in  the  apparatus  which  we  have 
Just  described,  suited  to  indicate  the 
height  of  the  column  of  meremy  FE, 
it  will  become  a barometer*,  which  is  an 
instrument  constructed  to  determine 
the  weight  of  the  atmosphere.  It  should 
be  observed,  that  the  height  of  the  mer- 
cury in  the  barometric  tube  will  be  the 
same,  whatever  be  the  bore  of  the  tube. 
Thus  it  is  the  height  of  the  column,  and 
not  its  absolute  weight,  which  measures 
the  weight  of  the  atmosphere. 

That  it  is  the  weight  of  the  atmos- 
phere which,  pressing  on  the  surface  of 
the  mercury  in  the  cistern,  sustains  the 
column  of  mercury  in  tlie  tube,  will  be 
made  manifest  by  breaking  the  upper 
end  B of  the  tube,  and  admitting  the  air 
to  press  on  the  mercury  E.  The  conse- 
quence will  be,  that  the  mercury  in  tlie 
tube  will  fall  to  the  level  F of  the  mer- 
cun  in  the  cistern. 

There  is  another  very  satisfactory 
proof  that  the  weight  of  the  atmosphere 
B the  cause  which  sustains  the  mercury 
in  the  tube.  If  a tube  of  more  than 
thirty-four  feet  long  lie  immersed  in  a 
cistern  of  water,  and  the  air  be  with- 
drawn from  it,  by  means  which  shall  be 
hereafter  explained,  the  water  will  rise 
according  as  the  air  is  expelled  ; but  the 
ascent  of  the  water  will  be  limited  to 


• From  two  Or«ck  words.  (6ora*^,  wnyAt. 
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about  tliirty-lwo  perpendicular  feet : at 
tlie  same  time  it  will  be  found  that  the 
column  of  mercuiy  suspended  in  the 
barometric  tube  will  be  about  twenty- 
eight  perpendicular  inches.  If,  then, 
the  weight  of  the  atmosphere  be  the 
cause  which  sustains  both  the  water  and 
the  mercury,  we  may  expect  to  find  that 
a column  of  water  thirty-two  feet  high, 
and  a column  of  mercury  twenty-eight 
inches  high,  ought  to  have  the  same 
weight  when  they  have  the  same  base. 
To  determine  whether  this  be  the  case, 
let  equal  measures  of  mercury  and  wa- 
ter be  accurately  weighed,  and  it  will  be 
fbund  that  the  mercury  is  about  thirteen 
and  a half  times  heavier  than  the  water. 
Hence  we  perceive,  that  a column  of 
water,  whose  base  is  a square  inch  and 
whose  height  is  thirteen  inches  and  a 
half,  will  have  the  same  weight  as  a 
column  of  mercury  whose  base  is  a 
square  inch  and  whose  heiglit  is  one 
inch.  H ence  it  appears  tliat  columns  of 
wafer  and  mercury,  with  equal  bases, 
will  have  equal  weights,  if  the  column 
of  water  be  thirteen  and  a half  times 
the  height  cf  the  mercury.  In  the  pre- 
sent instance,  the  height  of  the  water  is 
32  feet,  or  384  inches  ; and  that  of  the 
mercury  is  28  inches.  If  384  be  divided 
by  134,  the  quotient  will  be  nearly  28 
inches. 

If  similar  experiments  be  tried  upon 
other  fluids  of  different  specific  gravi- 
ties,  it  will  be  found  that  they  will  be 
sustained  at  different  altitudes  in  their 
respective  tubes ; but  that  if  the  weights 
of  the  several  columns  be  determined  as 
above,  they  will  be  found  to  be  equal. 

When  the  barometric  column  is  thirty 
inches,  the  atmosphere  presses  with 
about  1 5 lbs.  av.  on  the  square  inch ; 
and,  therefore,  in  general,  we  may  esti- 
mate the  pressure  nearly  Iw  allowing 
1 lb.  for  every  two  inches  m the  column. 

(16.)  In  the  construction  of  a baro- 
meter which  will  give  an  exact  measure 
of  the  atmospheric  pressure,  there  are 
many  circumstances  to  be  attended  to, 
the  details  of  which  would  l>e  unsuitable 
to  the  present  treatise.  It  may  not, 
however,  be  uninteresting,  and  certainly 
not  uninstructive,  in  a general  way,  to 
state  some  of  the  most  important  jire- 
cautions  to  be  taken  in  tlie  construction 
of  this  instrument. 

In  order  that  the  weight  of  the  column 
suspended  in  the  tube  should  be  exactly 
equal  to  that  of  a column  of  the  atmos- 
phere, of  an  equal  base,  it  is  evidently 
necessary  tluxt  the  space  in  the  tub* 
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aoove  the  mercu^  should  be  a perfect 
■vacuum  ; for  if  it  be  occupied  by  any 
fluid,  this  will  pn'ss  on  the  surface  of  the 
picrcury  in  the  tul>e,  and  the  real  weight 
of  the  atmosphere  will  be  ^ual  to  that 
of  the  mercury  suspended  in  the  tube, 
together  with  the  pressure  of  the  fluid 
above  it. 

To  prevent  the  existence  of  any  air 
or  other  fluid  in  this  space,  two  precau- 
tions are  necessary : lirst,  the  mercury 
must  be  well  purified  before  it  is  intro- 
duced into  the  tube  ; and,  secondly,  the 
interior  of  the  tube  itself  must  be  ren- 
dered perfectly  clean. 

Mercury,  in  its  ordinary  state,  gene- 
rally contains  a quantity  of  air  incorpo- 
rated with  it,  or  fixed  in  it : by  boiling 
t,  this  air  is  rendered  highly  elastic,  and 
it  accordingly  disengages  itself,  and 
escapes  at  the  surface.  If  this  air  were 
permitted  to  remain  in  the  mercury 
when  introduced  into  the  tube,  it  would 
escape  from  it  when  the  mercury  would 
be  relieved  from  the  atmospheric  pres- 
sure by  inverting  the  tube  in  the  cistern, 
and  would  rise  in  bubbles  at  the  top,  and 
thus  would  occupy  the  p.art  of  the  tube 
above  the  mercury,  and  exert  a pressure 
on  its  surface— an  effect  which  is  parti- 
cularly to  be  avoidcti. 

Particles  of  moisture  and  air  are  apt 
to  adhere  to  the  interior  surface  of  the 
tube ; these  are  also  removed  by  heat. 
On  introducing  the  cleansed  mercury 
into  the  tube,  it  will  even  contribute  to 
the  perfection  of  the  instrument  to  boil 
it  in  the  tube : this,  which  can  be  done 
without  much  diflicully,  will  at  once  dis- 
engage from  it  the  particles  of  air  and 
moisture  which  may  remain  either  in 
the  mercury  itself  or  on  the  tube. 

(17.)  In  estimating  the  weight  or 
pressure  of  the  atmosphere  by  a baro- 
metric tube  thus  prepared,  it  is  neces- 
sary to  measure  the  height  E of  the 
mercury  in  the  tube,  above  the  surface 
F of  the  mercury  in  the  cistern.  There- 
fore, the  graduation  of  the  scale  by  which 
this  height  is  measured,  should  be  taken 
from  the  surface  of  the  mercury  in  the 
cistern.  It  is  found  that  the  weight  ci 
the  atmosphere  is  subject  to  very  irre- 
gular changes,  being  at  one  time  capable 
of  sustaining  a greater  column  of  mer- 
cury than  at  another ; and  one  of  the 
most  common  and  interesting  uses  of 
the  barometer  is  to  mark  these  changes. 
The  weight  of  the  atmosphere  is  never 
less  than  what  sustains  a column  of 
mercury  of  twenty-ciglit  inches,  nor 
greater  than  what  supports  one  of  thirty- 


one  inches.  Thus,  supposing  the  baro- 
metric tube  to  be  pcipendicular,  the  sur- 
face of  the  mercury  in  it  has  a range  of 
three  inches. 

This  variation  of  the  height  of  the 
mercu^  in  the  tube,  united  with  the 
necessity  of  measuring  the  column  from 
the  surface  of  the  mercury  in  the  cistern, 
suggests  a circumstance  which  should 
be  attended  to  in  the  construction  of  a 
barometer. 

As  the  surface  E of  the  mercury /alU 
in  the  tube,  the  surface  C F of  the  mer- 
cury in  the  cistern  must  necessarily  nrc  ; 
since  the  mercury,  which  is  discharged 
from  the  tube,  is  thrown  into  the  cistern  : 
and,  on  the  other  hand,  when  the  surface 
E of  the  mercury  in  the  tube  ritet,  that 
C F of  tlie  mercury  in  the  cistern  must 
/<Ul.  Thus  the  two  surfaces  move  always 
together,  and  in  opposite  directions. 
It  must,  therefore,  be  evident,  that  if 
the  scale,  by  which  the  distance  between 
these  surfaces  is  measured,  be  fixed, 
two  observations  would  be  necessary  to 
determine  the  height  of  the  column.’  To 
avoid  this,  the  cistern  is  usually  con- 
structed of  very  considerable  dimensions 
in  comparison  with  those  of  the  tube  ; 
so  that  the  cubic  quantity  of  mercury 
contained  in  three  inches  of  the  tube, 
can  produce  a very  inconsiderable 
change  in  the  level  of  Uie  mercury  in 
the  cistern. 

p8.)  Such  a barometer,  although  suf- 
ficient for  the  more  popular  puiposes, 
does  not  give  all  the  accuracy  requisite 
for  some  more  scientific  investigations. 
Accordingly,  contrivances  have  been 
adopted  for  regulating  tlie  level  of  the 
mcrcuiy  in  the  cistern,  among  which  the 
following  is  worthy  of  notice ; 

The  glass  tube  is  enclosed  in  another 
of  brass,  in  which,  however,  a longitu- 
dinal aperture  DE  (/Ig.  6.)  is  cut,  ex- 
tending from  the  lowest  to  beyond  the 
highest  altitude  of  the  mercury  ; so  that 
the  whole  play  of  the  barometer  is  in- 
cluded between  D and  E.  The  cylindri- 
cal cistern  A B,  in  which  the  tube  is 
plunged,  has  a bottom  B moveable  by 
a screw  V : so  that  it  may  be  raised 
and  lowered  at  pleasure,  and  a corre- 
sponding motion  given  to  the  level  of  the 
mercury  in  the  cistern.  An  ivory  index 
is  attached  to  the  top  of  the  cistern, 
with  a fine  point  P,  which  marks  the 
level  from  which  the  divisions  of  the 
scale  CF  are  measured.  When  the  height 
of  the  barometric  column  is  to  be  ob- 
served, the  screw  V is  to  be  turned,  un- 
til the  point  P meets  the  surface  of  the 
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mercury,  the  tube  being 
placed  in  a truly  vertical 
position,  the  altitude  then 
denoted  by  the  scale  C F 
will  be  the  height  of  the 
barometer. 

To  the  scale  C F a ver- 
nier or  noniue  may  be  at- 
tached, to  rive  greater  ac- 
curacy to  the  observation, 
by  which  the  divi.sions  can 
be  read  to  the  one-hun- 
dredth part  of  an  inch. 

(19.)  In  order  to  com- 
pare barometric  observa- 
tions made  at  different 
times  or  places,  it  is  neces- 
saiy  to  observe  the  tem- 
perature of  the  mercury 
which  composes  the  baro- 
metric column.  For  mer- 
cury, like  all  other  bodies, 
is  dilated  by  heat;  so  that 
at  different  temperatures 
the  same  weight  of  mer- 
cury stands  at  different 
heights  in  the  tube.  Tables  are  accord- 
ingly constructed,  and  rules  gi^*''"  t’Y 
which  the  heights  of  the  merciuy  in  the 
barometer  may  be  reduced  to  what  they 
would  be,  if  the  temperature  of  the 
mercury  had  been  fixed,  and  the  same 
as  that  of  melting  ice. 

(20.)  The  entire  play  of  the  mercuiy 
in  the  barometer  not  exceeding  three 
inches,  minute  variations  in  the  weight 
of  the  atmosphere  will  produce  so  small 
a change  in  the  altitude  of  the  column, 
that  the  observation  of  it  is  attended 
witli  considerable  difficulty.  Various 
contrivances  have  been  suggested  to  in- 
crease the  range  of  the  mercury  in  the 
tube,  and  render  small  changes  percep- 
tible : one  of  the  most  obvious  would  be 
to  use  a lighter  fluid,  instead  of  mer- 
cury ; but  to  this  there  are  various  prac- 
tiem  objections.  The  following  con- 
trivances for  enlarging  the  scale  may  be 
mentioned ; — 

(21.)  The  diagonal  barometer  is  one 
in  which  the  tube  A B (yfg.  7.)  is  bent 
from  the  vertical  position,  at  a point  C 
,ess  than  twenty-eight  inches  from  the 
level  A of  the  mercury  in  the  cistern  ; 
and  the  inflected  part  of  such  a length, 
that  the  perpendicular  altitude  of  its 
extremity  B above  A,  shall  exceed  31 
inches.  To  determine  the  relation  be- 
tween the  scale  of  such  a barometer  and 
the  common  vertical  one,  let  the  line  A 
C be  continued  upwards  from  C,  until 
it  meet  the  horizontal  line  B D drawn 
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through  B.  Let  the 
scale  0 D be  then 
made  as  for  the 
vertical  barometer, 
and  parallels  to 
BD,  from  its  points 
of  division,  will  rive 
the  scale  for  C B. 

It  is  evident  that 
the  divisions  will 
thus  be  enlarged, 
in  proportion  as  the 
tube  (5  B is  deflect- 
ed from  the  vertical 
position  C D. 

(22.)  Another 
contrivance  for  in- 
creasing the  scale, 
is  the  wheet-boTO- 
meter.  This  instru- 
ment consists  of  a 
bent  tube  ABC 
(fig.  8.)  closed  at  A,  and  so  that 
the  distance  C A shall  not  be  less  than 
about  Ihirty-one  or  thirty-two  inches : 
the  end  C being  open,  the  tube  is  filled 
with  mercury.  The  mercury  will  sub- 
side in  the  leg  A B until  the  difference 
of  the  levels  E F will  be  a 
equal  to  the  height  of  a HA 
column  of  quicksilver  || 
which  balances  the  pres- 
sure of  the  atmosphere, 
and  every  change  in  the 
level  of  £ will  be  accompa- 
nied by  an  equal  change, 
but  in  the  opposite  direc- 
tion, in  the  surface  F;  so 
that  the  change  in  the 
height  of  the  barometric 
column,  is  double  the 
change  of  the  level  F.  On 
the  level  F there  floats  a 
small  iron  ball,  to  which 
a string  is  attached, 
which  is  passed  over  a 
pulley  P.  and  to  which  a 
weight  W less  tlian  that 
of  the  ball  P is  suspended. 

The  axis  of  the  pulley  P 
passes  through  the  centre 
of  a large  graduated  cir- 
cular plate  G,  and  carries  an  hand  or 
index  H,  which  revolves  when  the  pulley 
is  turned. 

In  this  apparatus,  when  the  mercury  B 
rises,  and  F falls,  the  floating  hall,  not 
being  completely  balanced  by  W,  falls 
with  it.  TTie  string  being  pressed  by 
the  weights  on  the  wheel  P,  turns  it, 
and  with  it  the  index  which  plays  on  the 
graduated  circular  plate.  The  contrary 
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effect  takes  place  when  E falls  and  F 
rises.  It  is  evident  that  the  scale  on 
which  the  index  plays  may,  in  this  case, 
be  enlarged  at  pleasure. 

Tliere  are  various  other  contrivances 
for  enlarging  the  scale  of  the  barometer, 
and  other  circumstances  connected  with 
its  construction,  which  we  feel  ourselves 
precluded  from  entering  on,  by  our  ne- 
cessary limits ; but  the  student  who  is 
desirous  of  further  information  on  the 
subject,  will  find  them  treated  of  at  large 
in  most  works  on  mechanical  science. 
See  Gregory'!  Mechanic!,  vol.  ii.  119; 
Biot,  Physique,  tom.  i.  p.  69. 

(23.)  As  we  ascend  to  greater  heights 
it  is  natural  to  expect  that  the  atmos- 
pheric pressure  will  be  diminished,  tliere 
being  a much  less  portion  of  atmosphere 
above  us  ; and  therefore  the  altitude  of 
the  barometric  column  should  be  prn- 
portionably  lessened.  And  this  we  find 
in  fact  to  be  the  case.  If  a barometer 
be  carried  to  the  top  of  high  mountains, 
or  taken  up  in  a balloon,  the  level  of 
the  mercury  in  the  tube  will  be  observed 
to  fall  as  the  elevation  of  the  instrument 
increases.  At  the  level  of  the  sea  the 
medium  height  of  the  barometric  co- 
lumn is  twenty-eight  inches,  and  at  the 
top  of  Mount  St.  Bernard  it  is  only 
fourteen  inches.  If  the  atmos])herc  re- 
mained always  in  the  same  state,  and, 
like  water,  had  at  all  heights  the  same 
density,  the  barometer  would,  by  the 
property  we  have  just  mentioned,  serve 
as  an  accurate  measure  of  the  difference 
of  levels  of  two  stations,  or  the  differ- 
ence of  their  perpendicular  heights  above 
the  level  of  the  sea  For  since  the  co- 
lumn of  merc^  suspended  in  the  tube 
at  each  place  is  equm  to  the  weight  of 
the  column  of  atmosphere  of  the  same 
base,  extending  from  tliat  place  to  the 
top  of  the  atmosphere,  it  would  follow 
that  the  difference  of  the  heights  of  the 
columns  (reduced  to  the  same  tempera- 
ture (2?.l ) would  be  equal  to  the  weight 
of  a eolumn  of  atmosphere,  whose  height 
is  equal  to  the  difference  of  the  levels  of 
the  two  places.  If  then  the  height  of 
a column  of  air,  corresponding  to  that 
of  a column  of  one  inch  of  mercury,  be 
Jiown,  it  would  only  be  necessary  to 
multiply  this  height  by  (he  number  of 
inches  by  which  tlie  barometric  altitudes 
at  tlie  two  places  differ,  to  obtain  the 
difference  of  levels. 

But  the  density  of  the  air  is  not  the 
same  at  different  heights.  Air  being 
clastic,  each  inferior  stratum  suffers 
compression  from  the  incumbent  weight 


of  alt  the  superior  strata,  end  by  this 
compression  its  density  is  inoreased.  As 
we  ascend  in  the  atmosphere  the  quan- 
tity of  superior  strata  is  gi^ually  dimi- 
nished, and  the  compressing  force  and 
density  proportionately  diminished.  This 
change  of  density  from  level  to  level 
renders  the  computation  of  heights  by 
the  barometer  somewhat  more  complex ; 
but  this  would  throw  but  little  difficulty 
in  the  way,  if  the  density  varied  accord- 
ing to  some  fixed  and  known  law,  and 
which  would  probably  be  the  case  if  tlie 
temperature  of  the  air  at  all  elevations 
were  the  same.  This,  however,  is  not 
the  ca.se.  The  temperature  decreases  as 
the  height  of  the  station  increases  ; but 
not  regularly,  nor  according  to  any  fixed 
rule.  The  irregular  variation  in  tem- 
perature produces  an  irregular  variation 
m density,  and  therefore  produces  an 
irregular  variation  in  the  change  of  the 
barometric  column.  Notwithstanding 
these  irregularities,  rules  have  been 
determined,  founded  mainly  on  the  prin- 
ciple to  which  we  have  alluded,  by  which 
the  difference  of  levels  of  two  places 
may  be  computed,  when  the  heights  of 
the  barometer  and  thermometer  at  the 
two  places  are  known. 

(24.)  The  changes  in  the  altitude  of 
the  mereuiT  in  the  barometer  which  we 
have  just  been  considering,  have  pro- 
ceeded fi-om  the  chan^  in  the  altitude 
of  tlie  barometer  itselr,  with  respect  to 
the  earth's  surface.  But,  besides  this, 
even  when  the  place  of  the  instrument 
is  not  changed,  when  it  remains  sus- 
pended in  the  same  chamber,  the  surface 
of  the  mercury,  as  we  have  stated,  is 
subject  to  rise  and  fall.  This  effect  pro- 
ceeds fiom  a change  in  the  state  of  the 
atmosphere,  and  being  continually  ob- 
served in  connexion  with  the  state  of  the 
weather,  it  has  been  attempted  to  esta- 
blish ndes,  by  which  changes  of  the 
weather  may  be  predicted  fiom  the  va- 
riations in  the  altitude  of  the  barometric 
column.  Hence  the  barometer  is  also 
called  a weaiher-glast.  It  is  proper, 
however,  to  observe,  that  even  the  hest 
established  rulesfor  determining  changes 
of  the  weather  by  the  barometer,  are 
very  far  from  being  either  general  or 
certain.  The  rule  which  seems  most 
generally  to  obtain  is.  that  the  mercury 
IS  low  in  high  w inds  ; but  even  this  fre- 
quently fails.  It  is  scarcely  nece.ssnry 
to  observe,  that  the  words  rain,  fair, 
changeable,  &c.  engraved  on  the  jilates 
of  common  barometers,  are  entitled  to 
no  attention.  The  changes  of  weatlier 
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are  not  no  much  indicated  by  the  actual 
height  of  the  mercury  as  try  its  varia- 
tions in  height.  The  following  rules 
may,  in  a certain  degree,  be  relied  on,  as 
corremonding  generally  to  the  concomi- 
tant changes  in  the  barometer  and  the 
weather : — 

1 . Generally,  the  rising  of  the  mer- 
cury indicates  the  approach  of  fair  wea- 
ther ; the  falling  of  it  that  of  foul  wea> 
ther. 

2.  In  hot  weather  the  fall  indicates 
tlmnder. 

3.  In  winter  the  rise  indicates  frost, 
and  in  frost  the  fall  indicates  thaw,  and 
tlie  rise  snow. 

4.  If  fair  or  foul  weather 

follows  the  rise  or  fall,  little  of  it  is  to 
be  expected. 

5.  If  fair  or  foul  weadicr  continue  for 
some  days,  while  the  mercury  is  falling 
or  rising,  a continuance  of  the  contrary 
weather  will  probably  ensue. 

6.  An  unsettled  state  of  the  mercury 
indicates  changeable  weather. 

By  these  rules  it  will  be  seen  that  the 
words  engraved  on  the  plate  are  fre- 
quently calculated  to  mislead  the  ob- 
server. Thus,  if  the  mercury  be  atmuefr 
rain,  and  rise  to  changeable,  fair  wea- 
ther is  to  be  looked  for.  Again,  if  it  Ire 
at  set  fair,  and  fall  to  changeable,  foul 
weather  may  be  expected. 

Chapter  IV. 

0/  the  Elasticity  of  Air. 

(25.)  We  have  already  mentioned  the 
property  which  fluids  in  general  possess 
of  transmitting  pressure  (13.)  Air"  and 
other  elastic  fluids  possess  this  quality 
as  perfectly  as  liquids,  but  there  are 
some  circumstances  attending  the  man- 
ner in  which  they  exert  it  which  must 
be  attended  to.  It  we  suppose  tlie  closed 
vessel  ABCDEFGH  (yfg.  9.)  de- 
scribed in  (13,)  to  be  filled  with  air  in- 
stead of  water,  while  the  air  is  of  the 
same  density  as  the  free  external  air, 
let  the  piston  P be  laid  upon  the  aper- 
ture a 0 so  as  to  confine  the  air,  but  not 
compress  it  or  reduce  its  bulk. 

From  the  apertiwe  ab  let  a cylinder, 
open  at  both  ends,  enter  the  vessel  to 
any  distance  cd.  Upon  urging  the  pis- 
ton with  any  pressure,  as  one  pound,  it 
will  enter  the  cylinder  to  a certain  dis- 
tance a! b'  tfig.  10.)  at  which  its  further 
progress  will  be  arrested  by  the  increas- 
ed resistance  of  the  confined  air  becom- 
ing equal  to  the  urging  prcssiue.  In 
this  slate  of  the  apparatus,  every  part  of 


the  inner  sinface  of  the  veascl  will  sus- 
tain a bursting  pressure  amounting  to 
one  pound  on  every  square  inch,  sup- 
posing that  to  be  the  magnitude  of  the 
aperture  ab.  Thus  the  air  or  other 
elastic  fluid  has  the  same  extraordinary 
facility  in  transmitting  pressure  as  we 
already  ascribed  to  liqmds  or  inelastic 
fluids.  The  only  difference  between  the 
cases  is,  that  the  elastic  fluid  yields  to 
the  incumbent  pressure,  and  suffers 
itself  to  be  driven  into  a diminished 
space,  wliile  it  transmits  tlie  incumbent 
pressure  to  the  inner  surface  of  the  ves- 
sel in  w hich  it  is  confined. 

(2fi.)  The  next  property  of  air  which 
calls  our  attention  is  its  elasticity,  a 
property  intimately  connected  witli  the 
last-mentioned,  though  not  dependent 


ous  fluids  and  liquids. 

In  the  apparatus  wliich  has  been  just 
described,  the  air  confined  in  the  vessel 
yielded  to  the  pressure  which  urged  the 
piston  P,  so  as  to  allow  the  piston  to 
enter  the  cylinder ; but  the  prcss.ire  on 
the  piston  continuing  the  same,  the  pro- 
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gms  is  stopped  at  a certain  point  a'b'. 
The  resistance  which  thus  arrests  the 
motion  of  the  piston,  is  the  increased 
elastic  force  of  Uie  air,  owing  to  its  hav- 
ing been  driven  Iw  the  piston  into  a 
diminished  space.  It  is  worthy  of  notice, 
that  an  uniform  law  governs  this  increase 
of  elastic  force,  arising  from  the  dimi- 
nished bulk  of  the  air.  which  is,  that  Ifig 
elrutic  force,  or  the  pressure  exerted  by 
the  air  against  the  sides  of  the  vessel 
trhich  contains  it,  is  increased  in  pre- 
cisely the  same  jtroportion  as  the  space 
trhich  it  occupies  is  diminished.  To 
establish  this  remarkable  law  some  fur- 
ther explanation  will  be  necessary. 

I.et  a syphon  tube  ABC  (.Jig.  1 1 .), 
open  at  both  ends,  be  filled  to  the 
level  a-  y with  mercury.  Tlie  air  which 
fills  the  tube  will  then  have  the  same 
density,  and  be  in  all  other  respects 


similar  to  the  external  atmosphere.  Let 
the  end  C be  now  closed,  so  as  to  pre- 
vent the  escape  of  air,  and  let  the  level 
y of  the  mercury  in  the  closed  leg  be 
marked  on  the  exterior  surface  of  the 
tube.  Let  mercury  be  then  poured  in 
at  the  open  end  A ; as  this  fills  the  leg 
A B,  it  will  press  with  its  entire  weight 
upon  the  mercury  x'Sy,  and  force  it  up 
in  the  tube  B C.  The  air  in  this  tube 
will  then  be  reduced  in  bulk,  or  con- 
densed. Let  the  mercury  be  poiu'ed  in 
at  A,  until  the  mercury  in  B C rises  to 
half  the  height  y C,  so  that  its  surface 
being  at  z,  C a will  be  half  of  C y.  The 
air  which  originally  filled  the  space  C y 
is  now  confined  to  half  that  space  C z. 
It  exerts  a pressure  on  the  surface  z, 
which  supports  a column  of  merciuy, 


whose  height  is  equal  to  the  difference 
between  the  levels  e and  z,  together 
with  the  weight  of  the  atmosphere 
pressing  on  the  surface  e.  Now,  m its 
original  state,  before  any  mercury  had 
been  poured  in  at  A,  it  supported  only 
the  weight  of  the  atmosphere  on  x.  ft 
the  diS^ence  of  the  levels  z and  e be 
now  measured,  it  will  be  found  to  be 
exactly  equal  to  the  height  of  the  baro- 
meter, thereby  indicating  that  the  force 
which  presses  on  the  surface  z,  is  equal 
to  twice  the  weight  of  the  atmo^here. 
Thus  it  appears,  that  when  air  is  con- 
densed into  half  the  bulk  which  it  occu- 
pies when  tree,  it  exerts  double  the 
pressure.  In  like  manner,  if  mercury 
be  poured  in  at  A,  until  the  air  in  C y 
is  reduced  to  one-third  of  its  bulk,  it 
will  be  found  to  exert  three  times  its 
original  pressure ; and  so  on.  Hence 
we  may  in  general  infer,  that  the  clastic 
force  with  which  confined  air  presses 
against  the  sides  of  the  vessel  which 
encloses  it,  is  equal  to  the  force  which 
was  necessary  to  condense  it ; and  that 
both  of  these  increase  in  precisely  the 
same  ratio  as  the  space  occupied  by  the 
air  is  diminished.  Since  the  density  of 
any  fluid  increases  in  the  same  propor- 
tion as  the  space  it  occupies  is  dimi- 
nished, it  follows  also  that  the  elastic 
force  of  air  or  other  fluid  is  proportional 
to  its  density. 

This  law,  though  generally  true,  is 
not  found  to  be  exact  in  extreme  cases, 
both  of  condensation  and  rarefaction. 
When  a high  degree  of  condensation 
is  required,  a greater  degree  of  com- 
pressing force  is  found  to  be  necessary 
than  that  which  would  result  fi'om  the 
above  law.  If  an  external  pressure  of 
15  lbs.  on  each  square  inch  be  sufficient 
to  confine  atmospheric  air  in  its  ordi- 
nary state,  it  would  only  require  a pres- 
sure of  150  lbs.  oil  the  squai'e  inch  to 
confine  it  when  reduced  to  one-tenth  of 
its  bulk  hy  compression,  but  it  is  found 
to  require  a somewhat  greater  force.  In 
other  words,  when  a great  degree  of 
condensation  is  effected,  the  elasticity 
of  air  increases  in  a somewhat  higher 
ratio  than  the  density. 

In  like  manner  we  find,  that  in  high 
degrees  of  rarefaction  the  law  is  also 
not  precise,  highly  rarefied  air  having 
a less  degree  of  elasticity  than  that 
which  would  lie  consistent  with  the  law. 
This,  indeed,  is  a necessary  consequence 
of  the  former,  or  rather  it  may  be  con- 
sidered as  another  way  of  expressing  the 
same  &ct. 
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(27.)  Throughout  *11  this  process, 
however,  we  have  supposed  that  the 
temperature  of  the  air  remains  the  same. 
For  if  the  temperature  be  elevated,  an 
increase  of  elasticity  will  ensue,  without 
any  change  in  the  density ; nay,  even 
with  a diminution  of  the  density.  For 
if  a flaccid  bladder  be  secured  at  the 
mouth  so  as  to  stop  the  transmission  of 
air,  and  be  then  heated,  the  air  within  it 
will  expand  by  its  increased  elastic 
force,  and  at  length  the  bladder  will  be 
perfectly  filled,  and  have  a tendency  to 
burst.  In  this  instance,  the  increased 
space  occupied  by  the  air  in  the  bladder, 
proves  that  its  density  is  diminished ; 
notwithstanding  which,  its  elastic  force 
is  increased. 

(28.)  Liquids  transmit  pressure  only 
when  some  mechanical  force  produces 
a corresponding  pressure  on  some  part 
of  their  surface.  Elastic  fluids,  how- 
ever, exert  a pressure  quite  indepen- 
dently of  tliis.  To  explain  this  more 
fully,  let  A B iflg.  12.)  be  an  horizontal 
tube,  filled  with  a liquid,  and  closed  at 
both  ends.  If  we  set  aside  the  tendency 
of  the  fluid  to  fall  out  at  the  ends  by  its 
weight,  the  ends  sustain  no  pressure 
from  it.  If  any  pressure  be  exerted  at 

At.  H. 

one  end  A by  a piston,  the  other  end  B 
will  sustain  an  equal  pressure  ; but  upon 
removing  the  pressure  at  A,  the  other 
end  B will  be  immediately  relieved  fi’om 
it.  Now,  if,  instead  of  a liquid,  we 
suppose  the  tube  filled  with  air,  the  case 
will  be  quite  otherwise ; for  each  end 
will  then  sustain  a pressure  outirard*, 
by  reason  of  the  elasticity  of  the  air,  and 
which  will  be  equal  exactly  to  the  weight 
of  the  atmosphere,  if  tlie  air  in  the  tube 
have  the  same  density  and  temperature 
as  the  external  air.  That  there  it  this 
outward  pressure  must  be  evident,  when 
we  consider,  that  if  there  were  not,  the 
pressure  of  the  atmosphere  would  force 
the  ends  AB  inward,  with  a force 
equal  to  its  weight.  We  can,  however, 
give  more  direct  proofr  of  this  pressure 
of  air  against  the  inner  surface  of  any 
vessel  in  which  it  is  contained,  and  show 
the  means  whereby  the  amount  of  this 
pressure  may  be  ascertained. 

(29.)  a flaccid  bladder,  containing 
a small  quantity  of  air,  be  placed  under 
an  inverted  glass  receiver,  and  let  the 
air  be  withdrawn  fixim  tlie  receiver  by 


means  of  the  air-pump.  As  the  air  is 
gradually  withdrawn,  the  bladder  will 
apparently  become  inflated,  and  will  at 
length  assume  the  same  appearance  as 
if  a quantity  of  air  had  been  forced  into 
it.  But  no  air  has  been  introduced  into 
it,  nor  does  it,  when  thus  apparently  in- 
flated, contain  more  air  than  it  did  when 
in  its  flaccid  state.  What  then,  it  will  be 
asked,  produces  the  apparent  inflation  ? 
On  the  removal  of  the  air  from  the 
receiver  by  means  of  the  pump,  its 
ressure  on  the  external  suri^c  of  the 
ladder  is  removed  ; the  elastic  force  of 
the  air  contained  in  the  flaccid  bladder 
is  then  no  longer  opposed  by  the  resist- 
ing pressure  of  the  extemaJ  air,  and  it 
accordingly  takes  effect ; and  its  pres- 
sure on  the  inner  surface  of  the  bladder 
swells  it  in  the  same  manner  as  if, 
while  the  pressure  of  the  external  air 
remained,  the  pressure  of  the  confined 
air  had  been  increased  by  tlie  introduc- 
tion of  an  additional  quantity.  In  this 
case,  the  inflation  or  swelling  of  the 
bladder  is  produced  by  a very  different 
cause  fiem  that  which  product  it  when 
heated.  (27.)  In  that  case,  while  the 
pressure  of  the  atmosphere  on  the  ex- 
ternal surface  remain^  the  same,  the 
ela.stic  force  pressing  on  the  interior  sur- 
face was  increased  by  he.xt.  On  the 
other  hand,  in  the  present  instance,  the 
elastic  force  of  the  air  contained  in  the 
bladder  is  lets  after  it  has  swelled,  and 
app^ntly  filled,  than  it  was  when 
flaccid.  For  the  air  it  contains  conti- 
nues of  the  same  temperatiu-e,  while  the 
tmace  it  occupies  is  increased.  Its 
(Tensity,  and  therefore  its  elastic  force 
(26.),  are  thus  diminished.  The  cause 
of  apparent  inflation  is  the  diminution 
of  the  external  pressure  of  the  atmos- 
phere by  the  pump ; so  that  although 
the  elastic  force  of  the  air  in  tlie  blad- 
der be  diminished,  yet  it  is  not  so  much 
diminished  as  the  pressure  of  the  exter- 
nal air,  and  so  predominates  and  swells 
the  bidder. 

(30.)  This  experiment  merely  esta- 
blishes the  fact,  that  air  without  con- 
densation does  press  on  the  inner  surface 
of  the  vessel  which  encloses  it.  We 
shall  now,  however,  describe  a method 
of  measuring  this  pressure  : 

Let  AB  C/fg.  13.)  be  a cylindrical 
glass  bottle,  containing  a quantity  of 
mercury  to  the  level  F.  I.et  a glass 
tube  C D,  open  at  both  ends,  and  up- 
wards of  thirty-two  inches  in  length,  be 
introduced  at  the  neck  E of  thehottle, 
so  that  the  lower  end  D shall  be  nearly 
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in  contact  with  the  bottom ; - 
and  thus  placed,  let  it  be  se- 
cured  at  E.  so  as  not  to  permit  c 
the  escape  of  the  air  which 
fills  the  part  of  the  bottle 
above  the  surface  of  the  mer- 
cury, and  which  is  thus  of  the 
same  density  and  temperature 
as  the  atmosphere.  Let  the 
whole  apparatus  thtu  arranged 
be  intr^ueed  under  the  re- 
ceiver of  an  air-pump,  and  let 
the  air  be  gradually  withdrawn. 

The  pressm-e  of  the  air  on  the 
surface  of  the  mercury  in  the 
tube  C D being  gradually  di- 
minished, the  elasticity  of  the 
air  in  A E,  pressing  on  the 
surface  F,  will  force  the  mer- 
cury to  ascend  in  the  tube  ; and 
the  height  of  the  mercury  thus 
pressed  into  the  tube,  will  in-  ^ U 
crease  as  the  pressure  of  tlie  M H 
air  in  the  receiver  is  diminished 
by  rarefaction.  The  column  ■“ 
of  mercuty  suspended  in  the  tube,  at 
any  penoa  of  the  process,  will  evidently 
indicate  the  excess  of  the  elasticity  of 
the  air  in  EF,  or  of  the  external  air 
above  the  elasticity  of  the  rarefied  air  in 
the  receiver. 

Now  suppose  another  tube  GH  (Jig. 
14.),  open  at  both  ends,  - . . 
and  exactly  similar  to  the 
former,  be  made  to  com- 
municate at  one  end  G 
with  the  receiver  R ; and 
let  the  other  end  H be 
plunged  in  a cistern  of 
mercury,  open  at  the  top, 
and  exposed  to  the  atmos- 
pheric pressure.  As  the 
rarefaction  proceeds,  the 
pressure  of  the  air  in  the 
tube  G H being  gndually 
diminished,  the  weight  of 
the  atmosphere  pressing 
on  the  surface  I,  will  force 
the  mercury  up  in  the 
tube  G H ; and  the  alti- 
tude of  the  column,  at 
any  stage  of  the  process, 
will  indicate  the  excess 
of  the  weight  of  the  at- 
mosiihere  above  the  elas- 
tic force  of  the  rarefied 
air  in  the  receiver. 

Now,  upon  comparing 
the  altitudes  of  the  co- 
lumns in  the  two  tubes 
GH  and  Cl),  in  even 
stage  of  the  process  it  will  be  found  that 


the  columns  of  mercury  suspended  in 
them,  above  the  levels  of  the  mereury 
in  their  respective  cisterns,  are  accu- 
rately equal.  From  whence  it  follows, 
that  the  weight  of  the  atmosphere  press- 
ing on  the  surface  L,  and  its  elastic  force 
pressing  on  the  surface  F,  exceed  the 
elastic  force  of  tlie  rarefied  air  in  the 
receiver  by  the  same  quantity ; and, 
therefore,  mat  the  weight  or  pressure  of 
the  atmosphere  is  exactly  epsal  to  its 
elasticity. 

(31.)  There  arc  many  familiar  ef- 
fects. which  arc  only  consequences  of 
the  elasticity  of  air.  Beer  or  ale,  bottled, 
contains  in  it  a quantity  of  air,  the  clas- 
tic force  of  which  is  resist^  by  the 
pres-sure  of  the  condensed  air  between 
the  cork  and  the  surface  of  the  liquid  in 
the  bottle.  On  removing  the  cork  the 
liquid,  and  the  air  which  it  contains, 
arc  relieved  firom  this  intense  pressure. 
The  liquid  itself  not  being  elastic,  is  not 
affected  by  this  ; but  the  elastic  force  of 
the  condensed  air  which  has  been  fixed 
in  it,  having  no  adequate  resistance,  it 
immediately  escapes,  and  rises  in  bubbles 
to  the  surface,  and  produces  the  frothy 
appearance  consequent  upon  opening 
the  bottle. 

If  a shrivelled  apple  be  placed  under 
the  receiver  of  an  air-pump,  and  the  air 
be  withdrawn,  it  will  have  its  coat  dis- 
tended by  the  internal  air,  so  as  to  pre- 
sent a perfectly  smooth  appearance. 
Also,  if  a thin  glass  bottle,  with  atmos  . 
pheric  air  confined  in  it,  be  placed  undei 
a receiver,  it  will  burst  by  the  elasticity 
of  the  enclosed  air  when  a sufficient  ex- 
haustion has  been  produced. 

Chxptir  V. 

Oh  the  Air-Pump. — Condenser. 

I,  The  Air-Pump. 

(32.)  In  philosophical  investigations 
it  frequently  becomes  necessary  that  the 
substances  which  are  the  subjects  of 
experiment  should  be  removed  from  the 
influence,  whether  mechanical  or  che- 
mical, of  the  atmosphere.  For  this 
purpose  it  is  desirable,  that  we  should 
possess  the  means  of  withdrawing  the 
air  from  a glass  vessel  called  a receiver, 
in  which  the  substance  is  placed,  and 
through  which  the  changes  which  it 
suflers  may  be  observi-d.  The  space 
under  the  glass  vessel  after  the  air  liaa 
been  withdrawn  from  it  is  callml  a va- 
cuum, and  the  niachine  by  which  the 
air  is  witlidrawn  is  called  an  air-pump. 
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We  shall  devote  the  present  chapter  to 
explain  the  construction  of  this  instru- 
ment, and  the  principles  which  govern 
its  action. 

(33.)  The  air-pump  is  exhibited  under 
sarious  forms,  each  of  which  is  attended 
with  particular  advantages  and  disad- 
vantages, according  to  the  piuposes  to 
which  it  is  applied.  There  are,  however, 
some  general  principles  in  which  all 
modifications  of  this  interesting  machine 
agree,  and  which  we  shall  first  explain. 

Let  R {Jig.  15.)  be  the  section  of  a 
glass  vessel  closed  at  the  top  T,  but 
open  at  the  bottom,  and  having  its 
lower  edge  ground  smooth,  so  as  to  rest 
in  close  contact  with  a smooth  brass 
plate,  of  which  S S is  a section.  When 
the  receiver  K is  tluis  placed  upon  the 
plate  S S it  will,  with  the  assistance  of  a 
little  unctuous  matter  previously  rubbed 
on  the  edge  of  the  glass,  be  in  air-tight 
contact.  In  the  plate  is  a small  aper- 
ture A,  which  communicates,  by  a tube 
A B,  with  a cylinder  in  which  a solid 
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piston  P is  moved.  The  piston-rod  C 
moves  in  an  air-tight  collar  D,  and  a 
valve  V is  placed  in  the  tiotlom  of  the 
cylinder  opening  outwards. 

Let  the  air  in  the  receiver  R,  the 
exhausting  tube  A B,  and  the  barrel 
8 V be  first  supposed  to  have  the  same 
density  as  the  external  air.  Upon  de- 
pressing the  piston,  after  it  has  passed 
tlic  aperture  B,  the  air  in  the  barrel  S V 
will  be  compressed  by  the  piston.  Its 
density,  and  therefore  its  elasticity, 
will  be  increased,  and  will  become 
greater  than  that  of  the  external  air. 
This  superior  clastic  force  will  open  the 
raivc  V,  through  which  as  the  piston 


descends,  the  air  in  tlic  barrel  will  he 
driven  into  the  atmosphere.  When  the 
piston  has  reached  the  bottom  of  tlie 
cylinder,  the  valve  V will  be  closed  by 
a spring  or  otherwise,  and  will  be 
pressed  into  its  seat  also  by  the  atmos- 
pheric pressure. 

When  the  piston  has  thus  arrived  at 
the  bottom  of  the  barrel,  the  air  which 
before  filled  the  receiver  R and  the  ex- 
hausting tube  A B,  will  have  expanded 
by  its  elastic  property,  and  ditfus^  itself 
also  through  the  barrel  above  the  piston. 
But  upon  again  raising  the  piston  it  will 
be  forced  back  into  its  former  bounds, 
until  tlie  pistoh  has  passed  the  aperture 
B.  As  the  piston  ascends,  it  leaves 
beneath  it  a vacuum,  into  which  the 
external  air  is  prevented  from  entering 
by  the  valve  V.  When,  therefore,  the 
piston  has  been  raised  beyond  the  aper- 
ture B,  the  air  in  the  receiver  R and 
the  exhausting  tube  A B will  expand 
once  more,  and  also  fill  the  barrel  S V. 

Upon  a second  depression  of  the  pis- 
ton the  air  which  fills  the  barrel  will  be 
discharged,  and  similar  effects  will  fol- 
low its  ascent,  and  so  the  process  may 
be  continued  at  pleasure. 

It  will  be  perceived  that  this  instru- 
ment depends  for  its  efficacy  entirely  on 
the  elaiitic  quality  in  the  air,  by  which, 
while  there  is  any  portion  of  air  in  the 
receiver  and  exhausting  tube,  that  por- 
tion, however  small,  will  expand  and 
diffuse  itself  equally  through  the  barrel 
in  addition  to  the  space  it  before  filled. 
It  must  be  pretty  evident,  with  very 
little  consideration,  that  by  this  process 
a perfect  vacuum  can  never  be  produced 
under  the  receiver.  For  some  air,  how- 
ever small  the  quantity  be,  must  remain 
after  every  depression  of  the  piston. 
Let  us,  however,  examine  how  nearly 
we  may  approach  to  a vacuum,  or  more 
properly  speaking,  let  us  determine  what 
degree  of  rarefaction  may  be  effected, 
supposing  the  mechanical  construction 
of  the  instrument  we  have  described  to 
be  perfect,  and  no  obstructions  to  arise 
from  circumstances  merely  practical. 

At  the  commencement  of  the  process 
the  air  which  fills  the  receiver,  exhaust- 
ing tube,  and  barrel,  is  of  the  density  of 
tlie  external  air;  let  its  entire  quantity 
in  this  state  be  called  one.  Let  the 
capacity  of  the  barrel  8 V bear  any 
proposed  proportion  to  that  of  the  re- 
ceiver and  tube ; suppose  that  it  is  one- 
thinl  of  their  united  magnitudes,  and 
therefore  that  it  contains  one-fourth  of 
the  air  contained  within  the  valve  V u) 
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the  entire' apparatus.  Upon  the  first 
depression  of  the  piston  this  fourth  part 
wUi  be  expelled,  and  three-fourths  of 
the  original  quantity  will  remain.  One- 
fourth  of  this  will  in  like  manner  be 
expelled  upon  the  second  depression  of 
tlie  piston,  which  is  equivalent  to  three- 
sixteenths  of  the  original  quantity,  and 


consequently  there  remains  in  the  appa- 
ratus nine-sixteenths  of  the  original 
quantity.  Calculating  in  this  way,  that 
one-fourth  of  what  is  contained  in  the 
apparatus  is  expelled  at  eve^  descent 
of  the  piston,  the  following  Table  will 
be  easily  computed. 


No.  of 
Suoke*. 

1 

Air  ezpellfd  at  each 
Stroke. 

1 

AirremaininK  io  tke  Receirer 
aad  barrel. 

3 

4 

4 

3 

3 

0 

3x3 

16 

4x4  " ■ 

* * 16 

4x4 

0 

3x3 

27  3x3x3 

— S - 

64 

4x4x4 

64 

4X4X4 

27 

3x3x3 

81 

3x3x3xS 

256 

4x4x4x4 

256 

4x4x4x4 

81 

3x3x3x3 

243 

3x3x3x3x3 

1024 

4x4x4x4x4 

f024 

4x4x4x4x4 

Hie  method  by  which  the  compute . 
tion  might  be  continued  is  obvious. 
The  air  expelled  at  each  stroke  is  found, 
by  multiplying  the  air  expelled  at  the 
preceding  stroke  by  3 and  dividing  it  by 
4 ; and  the  air  remaining  after  each 
stroke  is  also  found  by  multiplying  tlie 
lur  remaining  after  the  preceding  stroke 
by  3,  and  dividing  it  by  4. 

It  appears  by  this  computation,  that 
after  the  fifth  stroke,  the  air  remaining 
in  the  receiver  is  Uts  than  one-fourth  of 
the  original  quantity.  Less  than  one- 
fourth  of  this  will  remain  after  the  next 
five  strokes,  that  is,  less  than  one  six- 
teenth part  of  the  original  quantity.  If 
we  calculate  that  every  five  strokes  ex- 
tract three-fourths  of  the  air  contained 
in  the  apparatus,  we  shall  then  under- 
rate the  rapidity  of  the  exhaustion; 
and  yet,  even  at  this  rate,^  after  thirty 
strokes  of  the  pump,  the  air  remmning 
in  the  receiver  would  be  only  one 
309Glh  part  of  tlie  original  quantity.  The 
pressure  of  this  would  amount  to  about 
the  sixteenth  part  of  an  ounce  upon 
Uie  square  inch.  It  is  eviilent  that  by 
continuing  the  process  any  degree  of 
rarefaction  which  may  be  desired  can 
be  obtained.  For  all  practical  purposes, 
therefore,  a vacuum  may  he  considered 
to  be  procured ; but,  in  fact,  we  are  as 
far  from  having  a real  vacuum  in  the 
receiver  as  ever,  for  such  is  the  infinite 
expanding  power  of  air,  that  the  smallest 
particle  will  as  completely  fill  tlie  re- 
ceiver and  barrel  as  the  most  dense 
substance  could ; that  is  to  say,  no  part 
of  the  receiver  or  barrel,  however  small. 


will  be  found  absolutely  &ee  fimm  air, 
however  long  the  process  of  exhaustion 
may  be  continued. 

(34.)  In  the  uses  to  which  the  air^ 
ump  is  applied,  various  d^rees  of  ex- 
austion  are  necessary,  and  it  bec-nnes 
very  desirable  to  have  some  exact  and 
obvious  indicator  of  the  degree  of  rare- 
faction which  has  been  produced  within 
the  receiver  at  any  stage  of  the  process. 
We  find  in  the  barometer  a simple  and 
most  accurate  means  of  measurmg  this 
effect. 

Let  a glass  tube,  open  at  both  ends, 
be  inserted  into  the  exhausting  tube 
A B (Jig.  16.),  or  into  any  other  part  of 
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the  apparatus,  so  as  to  communicate 
freely  with  the  receiver ; and  being 
placed  in  a vertical  position,  let  the  otlier 
end  G be  immersea  in  a cistern  of  mer- 
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cury.  As  the  mreffiction  proceeds,  the 
air  in  the  receiver  losing  a part  of  its 
elastic  fbree  no  longer  balances  the  pres- 
sure of  the  atmosphere  sd  F,  and  conse- 
quently the  mercury  rises  in  the  tube 
E G.  The  weight  of  the  column  of 
mercuiy  suspended  in  this  tube,  toge- 
ther with  the  elastic  force  of  the  air  in 
the  receiver  which  presses  on  its  surface 
at  H,  are  the  forces  which  balance  the 
atmospheric  pressure  at  F.  They  are, 
therefore,  together  equal  to  the  atmos- 
pheric pressure;  and  hence  it  follows 
that  the  column  of  mercury  in  the  tube 
is  always  equal  to  the  excess  of  the  at- 
mospheric pressure  above  the  elastic 
force  of  the  air  in  the  receiver. 

Since  the  column  of  mercury  sus- 
pended in  the  common  barometer  is 
always  a measure  of  the  atmospheric 
pressure,  it  is  evident  that  the  difference 
between  this  column  and  that  suspended 
in  the  gauge  E G of  the  pump  will  be 
the  exact  measure  of  the  pressure  of  the 
rarefied  air  remaining  in  the  receiver. 

(35.)  By  a piuge  of  this  form  (and 
it  is  the  usual  one  for  standing  air- 
pumps)  the  elastic  force  of  the  rare- 
fied air  can  only  be  known  by  com- 
pimson  with  a barometer.  A gauge 
might,  however,  be  very  easily  con- 
struct^ which  would  give  the  amount 
of  the  pressure  immediately.  Let  C 
(flg.M.)  be  a cistern  containing  mercury, 
and  closed  at  the  top,  communicating 
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• with  the  exhausting  tube  A B,  or  in  any 
other  convenient  manner  with  the  re- 
ceiver. In  the  top  of  this  let  a barome- 
tcr-tubc  filled  with  mercury  be  inserted, 
so  as  to  be  air-tight  at  T.  The  atmos- 
pheric pressure  at  F sustains  as  usual 
the  barometric  column.  But  upon  rare- 
• 


fting  the  air  in  the  receiver  by  Means  of 
the  pump,  this  pressure  will  be  dimi- 
nished, and  the  mercury  at  E will  ac- 
cordingly fall,  and  the  column  which  will 
be  sushuned  will  measure  the  elastio 
force  of  the  rarefied  air. 

Such  a gauge,  although  simpler  in 
principle  than  the  common  one,  would 
not  however  be  attended  with  the  same 
practical  advantages. 

(36.)  Such  is  the  general  theore  of 
the  Air-pump.  The  varieties  of  its 
construction  are  very  considerable,  and 
it  would  not  be  consistent  with  our 
plan  to  enter  into  details  respecting 
them.  We  shall,  therefore,  conclude 
tlus  chapter  with  a description  of  the 
air-pump  which  is  in  most  general  use. 

A sectional  drawing  of  this  apparatus, 
with  some  trifling  transposition  of  parts 
to  bring  them  all  into  view,  is  given  in 
the  annexed yfg.  18.  R is  the  glass  re- 
ceiver placed  on  the  pump-plate  SS, 
T T T is  the  exhausting  tube  communi- 
cating with  two  pump  barrels  B B',  and 
furnished  with  a cock  C by  which  the 
communication  between  the  receiver 
and  barrels  may  be  cut  off  at  pleasure. 

V V'  are  parchment  valves  in  the  bot- 
toms of  the  pump-barrels,  opening  up- 
wards, so  that  air  may  pass  through 
them  from  the  tube  T T,  into  the  barrel, 
but  cannot  return. 

P P'  are  two  pistons,  fitting,  air-tight, 
in  the  barrels,  and  furnished  with  valves 
similar  to  V V',  which  also  <roen  up- 
wards. The  piston-rods  are  furnished 
with  racks  E E',  which  are  wrought  by 
a toothed  wheel  W.  This  wheel  is 
turned,  in  the  usual  way,  by  a winch  D, 
and  by  alternately  tiirmng  it  in  opposite 
directions,  the  pistons  are  elevated  and 
depressed. 

G is  the  barometer  gauge,  communi- 
cating with  the  receiver  at  H. 

Let  us  now  suppose  the  piston  P 
ascending,  and  P descending.  Since 
the  valve  in  P opens  upwards,  no  air 
can  pass  from  above  tl^ugh  it ; as  it 
ascends,  therefore,  the  air  in  P V,  ex- 
panding into  the  space  deserted  by  the 
piston,  becomes  rarefied,  and  presses 
with  diminished  force  on  the  valve  V. 
The  superior  elasticity  of  the  air  in  the 
receiver  and  tube  will  force  open  the 
valve  V,  and  will  continue  to  pass 
through  that  valve  until  its  elasticity 
exceeds  that  of  the  air  in  the  barrel 
P V,  by  a force  less  than  that  which  is 
requisite  to  raise  the  valve  V. 

In  the  meantime  the  piston  P"  has 
been  descending,  and  the  air  in  F V'  is 
c 
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compresied  ; for  since  the  valve  V 
opens  vpivardt,  it  cannot  pass  through 
it.  As  aoon  as  it  is  so  far  condensed, 
that  its  elasticity  exceeds  the  atpios- 
pherip  pressure,  Ijy  a force  sufficient  to 
raise  the  yalve  In  the  piston  P . it  will 
pass  into  the  atmosphere  through  that 
valve,  and  will  continue  to  pass  into  it, 
until  ttic  piston  P'  (/ig,  19.)  strikes  the 
bottom  M the  barrel. 

^■19. 


The  pistons  now  have  assumed  the 
position  (.fig.  19.):  the  wheel  W is  turned 
in  the  opposite  direction,  so  that  P will 
descend  and  P'  will  ^nd.  In  this  mo- 
tion, the  atmos^iherio  pressure  acts  on 
each  piston,  (gainst  the  inferior  force  of 
the  rarefied  air  in  the  barrel,  and  there- 
fore resists  the  ascent ; and  the  re.* 
sistance  increases  as  tlie  rarefaction 
proceeds.  These  resistances  ore,  how- 
ever, not  felt  by  the  operator,  since  they 
balanca  each  other  Uirough  the  me- 


dium of  the  wheel  and  racks  i and  this, 
independently  of  the  increased  speed  of 
the  process  of  rarefaction,  is  one  of  the 
advantages  of  tlie  double  barrel. 

As  the  piston  P descends,  the  rarefied 
air  in  P V is  condensed  j and  as  soon  as 
its  ela.sticity  exceeds  the  atmospherio 
pressure  by  a force  sufficient  to  open  the 
valve  in  the  piston  P,  it  will  pass  into 
the  atmosphere,  and  will  be  all  dis- 
charged when  the  piston  shall  arrive  at 
the  bottom. 

While  the  piston  P has  been  descend- 
ing and  discharging  the  air  below  it, 
the  piston  P'  has  been  ascending  and 
drawing  more  air  from  the  receiver, 
through  the  valve  V'.  For  as  ascends, 
it  leaves  a vacuum  below  it ; the  elas- 
ticity of  the  air  in  the  receiver  and  tubes 
encountering  no  resistance  above  the 
valve  V',  opens  it,  and  continues  to  pass 
through  until  its  elasticity  exceeds  that 
of  the  air  in  the  barrel,  by  a less  force 
than  that  which  is  sufficient  to  raise  the 
valve  V'.  And  in  Uiis  way  the  process  is 
continued*. 

(3/ .)  In  such  an  instrument  there  is  a 
very  obvious  limit  to  the  degree  of  rare- 
faction. When  the  elasticity  of  the  air 
in  the  receiver  is  no  lonjjer  sufficient  to 
open  the  valves  V,  V',  it  is  clear  that  no 
further  rarefaction  can  be  e^cted.  Be- 
sides, it  is  to  be  considered,  that  the 

• /-'ly.so.  {ue  page)  u s p*r*perliT«  view  of 
this  int|«urlaDt  iutrumnit,  which,  ttonfch  iJ>  part*  are 
*ofn*w  ha(  amiiifed,  iicxAcUjf  ib^  uhdb  in 
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piston  valves  are  opened  a^nst  the 
atmospheric  pressure,  and  however  ac- 
curately the  barrels  and  pistons  be  con- 
structed, yet  there  will  necessarily  be  a 
certain  space,  capable  of  containinjf  air, 
below  the  pi^on  valve,  when  the  piston 
is  at  the  bottom  of  the  barrel.  As  soon  aa 
the  rarefaction  has  proceeded  so  far,  that 
the  air  which  filled  tlie  barrel  when  the 
piston  was  at  tlie  top,  being  reduced  to 
this  last-mentioned  space,  acquires  an 
elasticity,  exceeding  the  atmospheric 
only  by  the  force  necessary  to  balance 
the  resistance  of  the  valve,  no  more  air 
can  be  discharged  by  the  piston. 

To  calculate  the  power  of  such  a 
pump,  let  us  suppose  the  space  below 
the  vjve,  when  the  piston  is  at  the  bot- 
tom of  the  barrel,  to  be  the  1000th  part 
of  (he  whole  capacity  of  the  barrel ; and 
let  the  force  of  the  piston  valve  be  the 
1 00th  part  of  the  atmospheric  pressime. 
If  the  atmospheric  density  be  1 000,  the 
density  of  the  air  under  the  piston  valve, 
when  at  the  bottom  of  the  cylinder,  at. 
the  extreme  limit  of  exhaustion,  wiU  be 
1010.  When  the  piston  has  been  raised, 
this  will  be  rarefied  1000  times,  and 

.. . , *1010  101 

therefore  its  density  will  be or  — 

■'  1000  100 

= 1.01.  The  elasticity  of  this  rarefied 
air  resists  the  exhausting  valves  V,  V'. 
Let  the  density  of  the  air  which  would 
open  these  valves  he  the  same  as  for  the 
piston  valves,  via.  O.OI.  Hence  the  force 
which  resists  the  elasticity  of  the  air  in 
the  receiver,  is  1 .0 1 + 0.0 1 = 1 .02.  This 
number  will  therefore  express  the  densi- 
ty of  the  air  in  the  receiver,  at  the  ex- 
treme limit  of  rarefaction,  that  of  the 
atmosphere  being  1 000.  The  same  prin- 
ciples will  evidently  apply  when  any 
other  numbers  are  selected. 


fii.VL. 


shall  have  arrived  at  the 
bottom  of  the  barrel  it 
will  be  forced  into  the  re- 
ceiver, except  that  part 
which  occupies  the  neck 
C.  Every  succeedii^ 
stroke  of  the  piston  will 
be  attended  with  a similar 
effect,  and  thus  the  air  in 
R will  be  continually  con- 
densed. 

Neglecting  the  air  con- 
tained in  Uie  neck  C, 
which  is  very  small,  the 
portion  forced  into  the  re« 
ceiver  at  each  stroke  is  the 
contents  of  the  barrel  B C 
at  the  atmospheric  density. 

(39.)  To  indicate  the 
deip^  of  condensation 
which  has  been  obtained, 
agai^emay  be  attached 
to  the  condenser. 

Let  A B (Jig.  22)  be  a glass  tube 
communicating  at  E with  a vessel  C 
containing  mercury.  This 
vessel  is  closed  at  the 
top,  in  which  is  inserted 
a tube  communicating 
with  the  receiver  of  the 
condenser.  The  tube  A B 
at  first  contains  air  of  the 
atmospheric  pressure,  and 
consequently  the  level  of 
the  mercury  in  the  tube  is 
the  same  as  in  the  cistern 
C.  Let  the  tube  be  now 
closed  at  the  top  A,  so  as 
to  be  air-t^ht,  and  let  the 
condensation  be  produced. 

The  increased  pressure  on 
ttie  surface  oftne  mercury 
in  C will  force  mercury  up 
in  the  tube  A B. 


/<r.22. 


'II.  The  Condenser. 

(38.)  The  condenser,  as  the  name  im- 
plies. is  the  opposite  of  the  air-pump. 
R (yfe.  21)  is  a receiver,  with  a valve 
V in  the  neck,  opening  inwards.  C is  a 
stop-cock  in  a tube  connected  with  a 
barrel  in  which  a solid  piston  without  a 
valve  plays  air-tight.  B is  a small  ori- 
fice to  admit  air  below  the  piston  when 
it  is  drawn  above  B. 

Suppose  now  the  piston  above  B and 
^ filling  all  the  apparatus,  of  the  same 
density  as  the  atmosphere  : upon  press- 
mg  the  piston  down,  the  air  in  the 
pump-barrel  will  be  compressed  after 
the  piston  passes  B,  and  will  force 
open  the  valve  V j and  when  the  piston 


Let  us  suppose  that  the  mercury  is 
raised  to  half  the  height  of  A above  the 
surface  of  the  mercury  in  the  cistern. 
The  air  in  the  tube  will  thus  be  reduced 
to  half  its  bulk,  and  will  therefore  exert 
double  the  pressure,  or  a force  equal  to 
twice  the  atmospheric  pressure.  (30.) 
This  pressure,  together  with  that  of  the 
column  of  mercury  in  the  tube  A B, 
above  the  level  C,  balances  the  pressure 
of  the  condensed  air  in  C.  Hence  the 
pressure  of  the  condensed  air  in  this 
case  will  be  equal  to  that  of  a column 
of  mercury  whose  height  is  fourtd  by  add- 
ing the  height  of  the  mercury  in  A B. 
above  the  level  C,  to  twice  the  height  of 
the  bwometer.  There  will  be  no  diflS- 
culty  in  generalizing  this  principle. 
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Chaptir  VI. — 0/  Pumper  and  Syphon* 
— Air-balloon  ana  Air-gun. 

I.  The  common  Suction-Pump. 

(40.)  The  suction-pump  consists  of 
two  hollow  cylinders  AB,  BC,  {Jig.  23.) 
placed  one  under  the  other,  and  com- 
municating by  a valve  V fig,  23. 
which  opens  upwards. 

Die  cylinder  B C is  called 
(he  suction-tube,  and  has 
its  lower  end  C immersed 
in  the  well  or  reservoir 
from  which  the  water  is 
to  be  raised.  In  the  upper 
cylinder,  A B,  a piston 
I*  Is  moved,  having  a valve 
In  it  which  opens  up- 
wards ; this  piston  should 
move  air-tight  in  the  cy- 
linder. At  the  lop  of  the 
cylinder  A B is  a spout  S, 
for  the  discharge  of  the 
water. 

We  will  first  suppose 
tlie  piston  to  be  at  the 
Irottom  of  the  cylinder 
A B,  and  in  close  contact 
with  the  valve  V.  Upon 
elevating  it,  the  piston 
valve  is  liept  closed  by  the 
atmospheric  pressure,  and 
if  tlie  valve  V were  not 
permitted  to  rise,  a va- 
cuum would  be  produced 
between  it  and  the  piston, 
the  elevation  of  which 
would  then  require  a force  equal  to 
about  ISlbs.,  multiplied  by  as  many 
square  inches  as  are  in  the  section  of 
the  piston.  But  this  is  not  the  case.  The 
moment  the  piston  begins  to  ascend,  the 
elasticity  of  the  airin  BC  opens  the  valve 
V,  and  the  air  rushing  in  through  it,  ba- 
lances part  of  the  atmospheric  pressure 
on  the  piston.  Now,  if  the  water  at  C 
were  not  permitted  to  rise,  the  air  be- 
tween the  piston  and  the  surface  C 
would  be  rarefied  by  the  ascent  of  the 
piston.  It  would  therefore  press  against 
the  lower  surface  of  the  water  with  a 
force  less  than  the  atmosphere.  But 
the  entire  force  of  the  atmosphere 
presses  on  the  surface  of  the  water  in 
the  well.  The  diminished  elasticity  of 
the  air  in  the  suction-pipe  not  being  a 
counterpoise  for  this,  the  water  is  ne- 
cessarily pressed  up  into  that  pipe.  Let 
us  consider  to  what  height  it  will  rise. 

If  the  surtace  of  the  water  in  the 
suction-pipe  rest  at  H,  and  rise  no 
higher,  there  is  a compound  column  of 


air  and  water  pressing  on  the  level  C ; 
viz.  the  column  of  water  C H,  and  the 
elastic  force  of  the  air  in  B H.  These 
two  together  balance  the  atmospheric 
pressure  on  the  external  surface  of  the 
water  in  the  well.  It  consequently  fol- 
lows, that  the  air  in  B H must  be  rare- 
fied, since  its  elasticity  falls  short  of  the 
atmospheric  pressure  by  the  pressure  of 
the  column  of  water  C H.  As  a column 
of  water,  about  tliirty-four  feet  in  height, 
balances  the  atmosphere,  it  follows,  that 
the  elastic  force  of  the  air  in  B H is 
equal  to  tlie  pressure  of  a column  of 
water  whose  height  is  the  excess  of 
thirty-four  feet  above  B II. 

Upon  the  descent  of  the  piston,  the 
air  compressed  between  it  and  the  valve 
V,  escapes  through  the  piston  valve  in 
the  same  manner  as  we  have  described 
in  the  air-pump  ; and  upon  the  suc- 
ceeding ascent,  the  elastic  force  of  the 
air  in  B H,  raising  the  valve  V,  passes 
into  tlie  space  in  which  tlie  piston  would 
otherw  ise  leave  a vacuum.  Tlie  air  in 
BH  being  thus  rarefied,  its  elastic  pres- 
sure on  the  surface  H of  the  water  in  the 
suction-pipe  is  diminished  ; and,  there- 
fore, w hen  added  to  the  pressure  of  the 
column  of  water  C H,  is  no  longer 
equivalent  to  the  atmospheric  pressure 
on  the  external  surface  of  the  water  in 
the  well.  This  pressure  must  tlierefore 
force  more  water  up  in  t^  suction-pipe, 
and  will  continue  to  do  so,  until  the 
pressure  of  the  increased  column  C H', 
added  to  the  elasticity  of  the  air  in 
B H',  is  an  exact  balance  for  the  atmos- 
pheric pressure  on  the  external  siu-face. 
Upon  the  principle  already  explained  it 
follows,  that  the  elastic  pressure  of  the 
air  in  B II',  is  equal  to  the  pressure  of  a 
column  of  water,  whose  height  is  equal 
to  the  excess  of  thirty-four  feet  above 
the  height  C H'. 

While  the  water  is  rising  in  the  suc- 
tion-pipe B C,  the  machine  is  in  fact  an 
air-pump,  the  suctionjpipe  itself  acting 
the  part  of  receiver,  'file  air  which  ori- 
ginally filled  the  suction-pipe  B C,  is 
grailually  pumped  out,  and  its  place  is 
in  part  filled  by  the  water  which  is 
forced  in  by  the  pressure  of  the  external 
air.  N ow,  upon  the  principles  already 
established,  respecting  the  action  of  the 
air-pump,  it  is  quite  apparent  that  a 
perfect  exhaustion  can  never  be  effected 
in  the  suction-pipe  B C ; and  tlierefore 
a column  of  water  can  never  be  raised, 
whose  pressure  is  equal  to  that  of  the 
atmosphere;  and  hence  we  d^uce  a 
consequence  of  the  most  vital  import- 
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ancc,  that  the  height  of  the  mine  V,  at 
the  top  of  the  euction-pipe,  above  the 
level  of  the  water  in  tw  retervoir, 
must  always  be  lets  than  thirty-four 
fiet*. 

Let  us  then  suppose  that  the  height 
B C is  less  than  thirty-four  feet,  and 
that  the  exhaustion  has  been  carried  so 
far,  that  the  water  has  risen  in  the  suc- 
tion-pipe, and  that  a portion  of  it,  B H", 
has  been  forced  by  the  nlmosj>hcric 
pressure  through  the  raise  V.  Upon 
the  next  descent  of  the  piston,  the  water 
in  H"  B will  be  forced  through  the  salve 
in  the  piston,  and  will  be  above  the 
valve  when  the  piston  has  reached  V. 
Since  the  piston-salve  opens  upwards, 
this  water  cannot  return  through  it ; and 
upon  the  next  ascent  of  the  piston,  the 
atmospheric  pressure  forces  more  water 
throum  V.  The  next  descent  and  ascent 
are  attended  with  like  effects.  By  con- 
tinuing this  process,  a column  of  water 
is  collected  above  the  piston,  which  is 
fitted  every  ascent,  and  receives  an  ad- 
dition to  its  quantity  every  descent. 
Near  the  top  of  the  pump-ban-el  a spout 
8 is  provided  for  the  discharge  of  the 
water,  and  when  the  elevation  of  the 
column  of  water  on  the  piston  reaches 
the  level  of  this  spout,  it  ceases  to  accu- 
tnulatc  j whatever  addition  of  water  is 
received  through  the  piston-valve  on 
the  descent,  being  discharged  at  the 
spout  8 on  the  ascent. 

It  should  be  observed,  that  if  the 
piston  in  its  descent  do  not  reach  the 
bottom  of  the  barrel  B,  the  space  be- 
tween it  and  the  bottom  B will  never  be 
reduced  to  a vacuum,  and  can  only  be 
rarefied  to  a certain  extent.  In  this  case 
the  suction-pipe  B C should  Ire.  much 
less  than  thirty-four  feet,  for  otherwise 
the  water  can  never  rise  to  the  valve  V, 
since  it  has  the  clastic  force  of  the  air 
in  P B to  oppose  its  ascent. 

(41.)  From  this  description  of  the 
common  ptunp,  it  appears  that  two  dis- 
tinct forces  are  engagro  in  the  elevation 
of  the  water.  The  pressure  of  Uie  at- 
mosphere, acting  on  the  surface  of  the 
Wiitcr  in  the  well,  raises  it  through  the 
valve  V.  After  what  has  thus  been 
lodged  in  the  chamber  above  V,  has 


* Tbirtf*fo»r  feet  is  here  u««d  At  the  height  of  A 
colnmn  of  water  eijtul  to  the  atmospherie  prewnr*. 
This  presfinre,  as  we  hare  alraidj  st.sied,  is  van- 
Able.  Aad  its  lowest  ralat  in  these  ronntnesis  about 
to  the  Ri|sare  inch.  This  is  efjaal  to  lh« 
Bre-*»nre  nf  n ttoluma  of  water  of  ahont  ^8^  feel  high. 
When  th«  bar^eter  is  at  SS  inches  this  is  the  pres* 
a%re.  When  it  is  at  30  iurhes  the  uressnre  U a<iual 
to  a column  of  waUr  feet  high, 


passed  thnmi?h  the  piston-valve,  it 
then  lifted  by  the  mech  .nical  force, 
whatever  that  be,  whicli  works  the 
pump-rods. 

(42.)  Let  us  now  consider  the  force 
which  is  reouired  in  each  staire  of  the 
process,  to  elevate  the  piston,  exclusive 
of  the  weight  of  the  piston-roids  and  the 
effects  of  friction. 

Let  the  piston  he  at  V,  and  the  level 
of  the  water  in  the  suction-pipe  at  H. 
Let  the  number  of  feet  in  0 H be  called 
h.  Tile  elastic  force  of  the  air  in  B H 
will  then  be  such  as  to  exert  a pressure 
on  every  square  inch,  equal  to  the 
w eight  of  a column  of  water,  whose  base 
is  a square  inch,  and  whose  height,  ex- 
press^ in  feet,  is  34  — h*.  In  its 
ascent,  therefore,  each  square  inch  of 
the  section  of  the  piston  is  jiressed  up 
by  this  force.  It  is,  on  the  other  hand, 
pressed  down  by  the  whole  force  of  the 
atmosphere,  which  is  equal  to  the 
weight  of  tliirty-four  feet  of  water  on 
each  square  inch.  The  effective  force 
then  which  resists  the  ascent  of  the  pis- 
ton, for  each  square  inch,  is  the  weight 
of  a column  of  water,  whose  base  is  a 
squire  inch  and  whose  height  is  the 
difference  between  thirty-four  feet  and 
34  — h feet ; tliat  is,  A feet.  Tims  it 
appears,  that  it  requires  a force  to  lift 
the  piston  exactly  equal  to  the  weight 
of  a column  of  water,  whose  base  is 
equal  to  the  section  of  the  piston,  and 
w hose  height  is  that  of  the  water  in  tlie 
suction-pipe,  above  the  level  of  the  wa- 
ter in  the  well. 

It  follows,  therefore,  tliat  as  the  water 
rises  in  the  suotion-])ipo,  the  force  re- 
quired to  lift  the  piston  is  proportionally 
increa-sed. 

Let  us  next  consider  the  force  requi- 
site to  lift  the  piston,  in  the  second  part 
of  the  process ; viz.  when  the  water 
raised  has  passed  through  the  piston 
valve. 

Let  the  piston  be  at  V,  and  the  level 
of  the  water  at  H" ; the  downward 
pressure  sustained  by  the  piston  in  this 
case,  is  evidently  tlie  W'eignt  of  Uie  in- 
cumbent w'ater  B H",  together  with  the 
weight  of  the  atmosphere.  Let  A be  the 
number  of  feet  in  the  height  B li'',  and 
34  -f-  A + will  express  tlie  number  of  feet 
in  a column  of  water,  whose  base  is 
equal  to  the  section  of  the  piston,  and 
whose  weight  is  equal  to  the  whole 


* 34  ~ A mrans  rAtaaiadpr.  obtaiiad  Uf  iab~ 
traettng  thenQmb«r  wlneb  h r»pre»eatJ  from  3t. 

t 34  4*  A nteaitfi  Uw  ituiu  gbtaiued  bjr  addittf  tba 
number  expreuaj  A to  34. 
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downward  pressure  iustained  by  the 
piiton. 

On  the  other  hand,  the  upward  pres- 
■ure  is  produced  by  the  weiirht  or  the 
atmosphere  pressing  on  the  water  in  the 
reservoir,  and  transmitted  through  the 
column  C B,  to  tlie  lower  surface  of  the 
piston.  But  as  this  mssure  has  to  sup- 
port the  column  B 0,  we  must  subtract 
nom  it  the  weight  of  this  column,  in 
order  to  obtain  the  effisctive  upward 
pressure  on  the  piston.  From  a column 
of  water,  thirty-Tour  feet  in  height,  and 
with  a base  equal  to  the  section  of  the 
piston,  subtract  as  many  feet  as  there 
are  in  B C,  and  we  shall  obtain  a column 
whose  weight  is  equal  to  the  upward 
pressure.  This  must  be  taken  fh>m  the 
downward  pressure,  and  the  remainder 
will  give  the  force  required  to  lift  the 
piston.  If  from  34  + A fbet  we  sub- 
tract 34  feet,  the  remainder  is  A feet ; 
but  in  doing  this,  we  have  subtracted 
more  than  enough  by  the  number  of  feet 
in  I)  C ; this  number  must,  therefore,  be 
added,  and  the  whole  column  whose 
weiglit  is  lifted,  has  the  height  A + BC  ; 
that  is,  H"B  + BC,  ortf'C. 

(43.)  Thus  it  appears,  that  the  force 
necessary  to  lift  the  piston  is  the  weight 
of  a column  of  water,  whose  height  is 
tliat  of  the  level  of  the  water  in  the 
pump,  above  the  level  of  the  water  in 
the  well,  and  whose  base  is  equal  to  the 
secbon  of  the  piston.  This  force,  there- 
fore, firom  the  coounencement  of  the 
process,  continually  increases,  until  the 
level  of  tlie  water  rises  to  the  discharg- 
ing spout  8,  and  thenceforward  remains 
uniform. 

(44.)  To  compute  the  actual  force 
necessary  to  work  a pump,  (exclusive  of 
the  pump-rods,)  therefore,  let  the  height 
of  the  discharging  spout  S,  above  the 
level  0 of  the  water  in  the  well,  be  ex- 
pressed in  feet,  and  let  the  numlier  which 
expresses  it  be  A.  Let  half  the  diameter 
of  the  piston,  expressed  in  parts  of  a 
foot,  be  r ; tlie  section  of  the  piston,  ex- 
pressed in  parts  of  a s<{uare  loot,  ivill 
thenberxrx8.l4.  (no(e,p.4.)  If  this  be 
multiplied  by  the  number  of  feel  A in  the 
height,  we  sliall  obtain  Uie  number  of 
cubic  feet  of  water  which  it  is  necessary 
to  lift  at  each  stroke.  This  is  A x r x 
rx  3.14.  Each  cubic  foot  of  water 
weiglu  about  luuv  os.  av.,  or  6'21  lbs. ; 
this,  multiplied  by  A x r x r x 3.14, 
will  give,  in  pounds  av.,  the  force  re- 
quire at  each  stroke  to  lift  the  piston. 

The  quantity  of  water  discliarged  at 
eacli  stroke,  is  equal  to  a oulunui  of  wa- 


ter, whose  base  is  the  section  of  the  pis- 
ton, and  whose  altitude  is  the  length  of 
the  stroke.  This  quantity  may,  there- 
fore, be  found  in  cubic  feet,  by  multi- 
plying r X r X 8.14  by  the  number  of 
feet  in  the  length  of  the  stroke.  The 
weight  of  the  water  discharged  may  be 
ascertainetl  in  pounds  avoirdupois,  by 
muitiplying  this  liy  62|,  and  the  number 
of  imperial  inllons  by  dividing  the  num- 
ber or  pounds  by  lo. 

II.  Th*  Lffting-Pwnp 

(45.)  This  pump  also  consists  of  an 
hollow  cylinder  A B ( /Ig.  94.)  Immersed 
in  the  reservoir  from  *0.  24. 
which  the  water  is'' 
to  be  raised.  A 
valve  opening  up- 
wards is  flxed  in 
this  cylinder  at  'V,  a 
little  below  the  level 
L of  the  water  in  the 
reservoir.  A piston 
P,  having  also  a 
valve  opening  up- 
wards, is  moved  in 
this  cylinder  by  a 
frame  F F F F,  con-  i. 
nected  with  the  end 
of  the  piston-rod 
P H.  At  the  top  of 
the  cylinder  is  a 
spout  S to  discharm 
the  water  elevated. 

I.et  us  suppose 
the  piston  P at  the 
bottom  B of  the  cy- 
linder. The  pressure 
of  the  water  in  the 
reservoir,  will  force 
water  through  the 
piston-valve,  until 
the  water  rises  in  the  cylinder  to  the  valve 
■V,  or  to  about  the  level  of  the  water  in 
the  reservoir.  It  would  rise  to  the  exact 
level,  but  for  the  weights  of  the  valves. 
Upon  elevating  the  piston  P.  the  water 
not  being  permitted  to  pass  through  the 
piston-vidve  will  be  prMsed  against  the 
valve  V,  and  opening  it,  will  pass  into 
the  upper  chamber  V A of  the  cylinder  j 
from  w hence  it  is  not  allowed  lo  return, 
since  the  valve  V opens  upwards.  As 
the  piston  rises  in  B V,  the  pressure  of 
the  water  in  the  reservoir  forces  water 
after  it  into  the  cylinder ; and  upon  its 
descent,  this  water  passes  through  the 
piston-valve.  The  next  ascent  foreet 
water  again  through  "V  ; and  so  on. 

Tlie  water  tlius  continually  fqreed 
through  V,  eveiy  assent  of  the  piston 
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accumulates  in  the  cylinder  above  the 
valve  V,  and  its  heif;ht  increases  until  it 
reaches  the  spout  S,  where  it  is  dis- 
charged. 

To  find  the  force  necessary  to  raise 
the  piston,  we  are  to  consider  that  the 
water  in  the  reservoir  balances  the  wa- 
ter in  the  cylinder  from  the  bottom  B to 
tlie  level  L.  The  piston,  therefore,  has 
only  to  hit  the  column  from  L,  to  the 
level  of  the  water  in  the  cylinder.  After 
a few  strokes,  this  level  rises  to  S,  and 
continues  permanently  at  that  level  af- 
terwards. If,  then,  the  number  of  feet 
in  S L be  called  A,  and  half  the  diame- 
ter of  the  section  of  the  piston,  expressed 
in  parts  of  a foot,  be  c^led  r,  the  num- 
ber of  cubic  feet  of  water  which  presses 
on  the  piston,  will  be  expressed  by 
A X r X r X 3.14.  This,  multiplied  by 
62t,  will  express  the  pressure  on  the 
piston  in  munds ; and  if  to  this  the 
weight  of  the  piston  and  rod,  together 
with  the  effects  of  fiiction,  be  ^ded, 
the  whole  force  necessary  to  lift  the 
piston  will  be  obtained. 

The  quantity  of  water  discharged  is 
found  in  the  same  manner  as  for  the 
suction-pump. 
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III.  The  FbTcing-Pump. 

(46.)  A cylinder  ABC  {Jig.  2S.)  is 
placed  with  its  lower  “ 

end  C in  the  reservoir. 

It  has  a fixed  valve  at 
V opening  upward,  and 
K solid  piston  without 
a valve  playing  air- 
tight in  the  upper  bar- 
rel AB.  It  is  connected 
with  another  barrel 
D E by  a valve  V' 
opening  upwards  and 
outwaids.  Tlie  tube 
D E is  brought  to 
whatever  height  it  may 
be  necessary  to  elevate 
the  water. 

Let  us  suppose  that 
the  solid  piston  P is  in 
contact  with  the  valve 
V,  and  that  the  water 
in  the  lower  barrel  is 
at  the  same  level  C 
with  the  water  in  the 
reservoir.  Upon  rais. 
ing  the  piston  the  air  ^i-^*£iir 
in  B C will  be  rarefied,  and  (he  water 
will  ascend  in  B C exactly  as  in  the 
suction  pump.  Upon  a^in  depressing 
the  piston,  the  air  in  P V will  be  com- 
pressed, and  it  will  force  open  the  valve 


V',  and  escape  through  it.  The  process, 
therefore,  until  water  is  raised  through 
V into  the  upper  barrel,  is  precisely  the 
same  as  for  the  suction-pump,  the  valve 
V'  taking  the  place  of  the  piston-valve 
in  that  machine. 

Now,  let  us  suppose  that  water  has 
been  elevated  through  V,  and  that  the 
space  P V is  filled  with  it.  Unon  de- 
pressing the  piston,  this  water  not  being 
permitted  to  return  through  V,  is  forced 
through  V',  and  ascends  in  the  tube 
D E.  By  continuing  the  process,  water 
will  accumulate  in  the  tube  D E,  until  it 
acquires  the  necessary  elevation  and  is 
discharged. 

The  force  requisite  to  elevate  the  pis- 
ton in  this  pump  until  the  water  reaches 
it,  is  computed  m exactly  the  same  man- 
ner as  for  the  suction-pump,  and,  exclu- 
sive of  the  weight  of  the  piston  and  its 
rods  and  the  etfects  of  fiiction,  it  is  equal 
to  the  weight  of  a column  of  water 
whose  base  is  the  section  of  the  piston, 
and  whose  height  is  the  distance  of  the 
level  of  the  water  in  the  barrel  A C 
above  the  level  in  the  reservoir.  It  is 
evident  also  from  what  has  been  said  on 
the  suction-pump,  that  the  valve  V 
should  be  less  tlian  thirty-four  feet 
above  the  level  of  the  water  in  the  re- 
servoir. If  the  P express  in  pounds  av. 
the  weight  of  the  piston  and  its  rods,  r 
be  half  the  diameter  of  a section  of  the 
piston  expressed  in  parts  of  a foot,  and 
A be  the  number  of  feet  in  A C,  the 
force  in  pounds  necessary  to  lift  the 
piston  will  be 

Axrxrx3.I4  X62.5+P. 

Let  us  now  examine  the  force  neces- 
sary to  depress  the  piston.  Let  the  level 
of  the  water  in  ED  be  M.  The  atmos- 
pheric pressure  on  M will  be  balanced 
by  the  same  pressure  on  the  piston  by 
the  power  of  transmitting  pressure  pe- 
culiar to  fluids.  This  force  may,  there- 
fore, be  neglected ; also  the  P V'  will 
baliuicethe  partND  of  the  column  MD, 
which  is  equal  to  it  in  height,  and  that 
whether  their  sections  be  equal  or  not. 
(See  Hydroitatics.)  Hence  it  appears, 
that  the  pressing  exerted  by  the  water 
in  P V on  the  lower  surface  of  the  pis- 
ton is  equal  to  the  weight  of  a column 
of  water  whose  base  is  equal  to  the  sec- 
tion of  the  piston,  and  whose  height  is 
M N.  This,  therefore,  is  the  force  to  be 
overcome  in  the  descent  of  the  pistons 
and  the  weight  P of  the  piston  and  it, 
rods  assist  in  overcoming  it.  Let  A'  be 
the  niunber  of  feet  in  M N,  and  the  me- 
chanical force  necessary  to  be  applied 
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to  depress  the  piston  will  be  expressed 
in  pounds  by 

A'xrxrx3.I4x  62.5— P. 

From  these  observations,  it  appears 
that  the  weieht  of  the  piston  and  its 
rods  assist  the  forcing-potcer  of  the 
machine,  but  oppose  its  tuction-power. 
These  effects,  therefore,  on  the  whole, 
neutralize  each  other. 

The  entire  force  used  in  raising  the 
water  will  be  found  by  adding  the  force 
necess^  to  elevate  the  piston  to  that 
which  is  necessary  to  duress  it.  As  in 
this  case  the  weight  of  the  piston  and 
rods  increases  the  one  by  as  much  as  it 
diminishes  the  other,  the  entire  force 
will  be  the  weight  of  a column  of  water 
whose  base  is  the  section  of  the  piston, 
and  whose  height  is  P C+  M N,  that  is 
the  height  of  the  level  of  the  water 
in  the  forcing-pipe  above  the  level  of 
the  water  in  the  reservoir,  and  expressed 
in  pounds,  this  is 

(A-f-A')xrxrx3.14x62.5. 

(47.)  It  appears,  therefore,  that  other 
circumstances  being  the  same,  the  power 
of  the  forcing-pump  has  the  advantage 
over  that  of  the  suction-pump  by  the 
weight  of  the  piston  and  its  rods. 

In  the  suction-pump  the  elevation  of 
the  water  is  entirely  effected  by  the  as- 
cent of  the  piston : during  its  descent  the 
engine,  mechanically  speaking,  is  inac- 
tive. It  would,  thereiore,  require  that 
the  power  applied  to  the  piston-rod 
should  be  an  intermitting  one,  for  other- 
Elevating  force  . , . 
Depressing  force  . . 

Difference  . . . , 
Or  (2  P-I-Axrxrx3. 

This  difference  will  evidently  be 
nothing,  and  the  elevating  and  depress- 
ing forces  will  be  equal  when 

2 P=(A'—A)xrxrx3. 14x62.5 
that  is,  when  the  weight  of  the  column 
M N exceeds  that  of  the  column  P G 
by  twice  the  weight  of  the  piston  and 
rods.  The  position  of  the  spout  should, 
therefore,  be  regulated  by  these  consi- 
derations ; and  it  is  evident  that,  in  order 
to  an  uniformity  of  action,  if  P C is 
nearly  thirtj  -four  feet,  the  piston  rods 
should  always  be  loaded  with  a sufficient 
weight  to  balance  a column  of  water, 
whose  base  is  the  section  of  the  pis- 
ton, and  whose  height  is  the  excess  of 
the  height  of  the  spout  from  the  level  of 
the  water  in  the  cistern  above  sixty- 
eight  feet. 

It  must  be  evident  from  this  account 
of  the  forcing-pump,  that  the  discharge 


wise  a waste  would  take  place  on  every 
descent  of  the  piston.  On  the  other 
hand,  in  the  forcing-pump,  the  elevation 
is  partly  produced  in  the  ascent  and 
partly  in  the  descent  of  the  piston,  and 
the  power  must  be  conbnuesg  but  pro- 
portionally less  intense.  Thus  a single- 
acting  steam-engine,  or  an  atmospheric 
engine,  would  be  suitably  applied  to  raise 
water  by  the  suction-pump,  and  a 
double-acting  engine  by  the  forcing- 
pump. 

In  the  forcing-pump,  however,  the 
forces  required  to  effect  the  elevation 
and  depression  of  the  piston  are  not 
always  equal,  and  it  is  m many  cases 
desirable  that  they  should  be  so’;  for  it 
generally  happens  that  the  power  ap- 
plied to  elevate  and  depress  is  uniform, 
as  for  example,  in  the  steam-engine. 
Let  us  consider  how  the  powers  of  ele- 
vation and  depression  could  be  equal- 
ized. 

We  have  proved  that  the  power  of 
elevation  is  equal  to  the  weight  P,  to- 
gether with  that  of  the  column  of  the 
height  A,  and  with  a base  equal  to  the 
section  of  the  piston.  The  power  of 
depression  is  equal  to  the  weight  of  a 
column  whose  height  is  A',  diminished  by 
the  weight  P.  Now  the  difference  of 
these  two  forces  is  twice  the  weight  P, 
together  with  the  weighbof  the  column 
A diminished  by  the  weight  of  the  column 
A'.  This,  expressed  algebraically,  is 

Axrxrx3.14x62.3-t-P 

A'xrxrx3.14x62.5— P 

(A— A')xrxrx3.14x62.5-I-2P 
14  X 62.5)— A'xrxrx  3.14  X 62.5 
from  the  spout  can  only  take  place  on 
the  descent  of  the  piston,  and  is  there- 
fore intermitting.  One  method  of  re- 
medying this  is  the  application  of  an 
air-ves.sel  to  the  apparatus.  At  the  top 
of  the  forcing-pipe  D E (yfg.  26.)  instead 
of  a spout  place  a close  vessel  E F com- 
municating with  the  force-pipe  by  a 
valve  in  the  bottom  opening  upwards 
at  E.  A tube  TT*  is  introduced  at  the 
top  of  this  vessel,  and  fitted  so  as  to  be 
air-tight,  and  extending  nearly  to  the 
bottom,  furnished  with  a stop-cock  G. 
The  stop-cock  being  closed  and  water 
forced  in  through  the  valve,  the  air  con- 
tained in  the  vessel  will  be  condensed, 
and  will  exert  a proportionate  pressure 
on  the  surface  of  the  water  in  the  vessel, 
so  as  to  force  it  up  in  the  tut>e  which  is 
terminated  with  the  stop-cock  G.  If 
then  the  stop-cock  be  opened,  the  water 
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wiD  be  forced  out  in  a 
continued  stream. 

The  force  with  which 
the  water  issues  from 
the  tube  T T*  is  easily  q 
determined.  Let  us 
su)ipuse  that  one-lialf 
of  tile  air-vessel  is  fill 
cd  with  water.  Tlie 
air  it  contains  is  there-  _ 
fore  reduced  to  half  — 
its  original  bulk,  and 
therefore  (26)  exerts 
twice  its  original  jires- 
sure.  It  is  therefore 
forced  tVum  the  tube 
TT',  with  a force  equal 
to  tlic  w eii;ht  of  thirlv- 
fom-  feet  of  water,  for 
tlie  atmospheric  pres- 
sure balances  one-half 
of  file  force  with  which 
it  is  pressed  up  the 
tube.  Again,  suppose 
the  vessel  is  three- 
fourths  filled,  the  air  is  , 
thou  reduced  to  one- 
fuurtli  of  its  oiiginal 
foroe,  and  therefore 
exerts  four  times  its 
original  pressure.  ( )nce 
its  pressure  Ixiing  ba- 
lanced by  the  atmos- 
phere, anctfectivcforcc 
IS  obtained  equal  to 
three  times  file  pres- 
sure of  the  atmosphere,  or  to  132  feet 
of  water,  and  so  on. 

It  is  iirored  in  Hydrostatics,  that  water 
|>ressed  out  of  a vertical  tube  will  ascend 
to  nearly  the  height  of  a column  of  water 
of  equivalent  pressure,  setting  aside  the 
resistance  of  the  air.  Hence  we  may 
easily  infer,  fiiat  in  the  cases  just  stated, 
except  so  far  os  the  resistance  of  the 
air  is  stated,  a jet  or  fountain  would 
rise  to  the  heights  already  mentioned. 

By  screwing  on  Uie  tube  TT',  jets 
pierced  with  apertures  in  various  direc- 
tions, ornamental  fountains  may  be  con- 
structed. 

It  should  be  observed,  Uiat  by  thus 
introducing  the  elastic  force  of  the  air 
no  additional  force  is  gained,  nor  is  the 
mechamcai  efficacy  of  the  apparatus, 
properly  speaking,  increased ; for  the 
foroe  used  in  the  depression  of  tlie  pis- 
ton in  compelling  the  water  to  enter  tlie 
air-vessel  is  exactly  equal  to  the  elasti- 
city of  file  compressed  air.  This  elastic 
force  is  as  it  were  a number  of  accumu- 
lated strokes  of  tlie  piston,  stored  up  or 
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forestalled,  and  then  exerted  in  continual 
pressure.  The  air-vessel  may  there- 
fore be  considered  as  a kind  of  magazine 
of  power.  There  will  be  a constant 
stream,  provided  that  as  much  water  is 
forced  in  by  piunping  as  is  ejected  by 
the  pressure  of  the  confined  air ; if  less 
be  pumped  in,  the  air-vessel  will  at 
lentil  be  emptied  and  the  stream  sfo]). 
If  more  be  forced  in  the  air-vessel  it 
must  at  last  burst. 

(48.)  Tlie /re-engi'ne  is  a modification 
of  the  forcing-jiump. 

A B (fig.  27.)  are  two  forcing  pumps, 
whose  pistons  P are  wrought  by  a beam 
whose  fulcrum  is  at  F.  V V are  valves 
which  open  upwards  from  a suction- 
tube  T,  which  descends  to  a reservoir ; 

( are  force-pipes  which  communicate  by 
valves  V'  V'  o)ienmg  into  an  air-vessel 
M.  A tube  L is  inserted  in  the  top  of  this 
vessel,  tenninating  in  a leathern  tiilie  or 
hose,  through  which  the  water  is  foroctl 
by  the  pressure  of  the  air  confined  in  M , 
as  described  in  (47.) 

fiy.  27. 


By  the  double  pump  wrought  by  Uie 
same  lever,  tlic  process  is  expedited  and 
the  power  eeununiised.  It  is  not  neces- 
sary to  enter  into  further  particulars 
respecting  this  machine,  after  what  lia.s 
lieeii  said  on  the  forcing-pump.  TTicre 
are  many  varieties  in  fire-engines,  but 
most  of  them  are  govenied  by  the  same 
principles. 

IV.  The  Syjihont 

t49.)  The  typhon  is  a lient  tube  with 
one  leg,  A B (fig.  28.)  shorter  than  file 
ofiicr,  us«l  for  transferring  a liquid 
from  one  vessel  to  another. 

This  is  effected  by  exhausting  tho 
syyilion  of  the  air  it  contains,  or  at  least 
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*0  rarefying  it,  fig-  28- 
that  tlie  pressure 
of  Uie  atmos- 
phere on  the  sur- 
face D ^vill  force 
the  liquid  up  the 
tul)C  licyond  the 
point  B,  and  until 
it  descends  in  the 
leg  Be  below  the 
level  D'  of  the 
water  D in  the 
vessel.  It  will  then  descend  by  its  weight, 
and  flow  continually  from  the  tube  at  C. 

The  ])rinciple  of  the  syphon  is  easily 
understood.  Suppose  the  suction  of  the 
mouth  or  a sjTinge  applied  at  C so  as  to 
produce  a consideratue  rarefaction  of 
the  air  in  ABC.  The  elasticity  of  the 
rarefied  air  in  the  syphon  pressing  on  the 
surface  of  the  water  in  the  leg  B A will 
then  be  unable  to  balance  the  atmos- 
piieric  pressure  acting  on  the  surface  D. 
The  licpiid  will  therefore  be  forced  up 
the  leg  B A.  After  passing  B into  the 
leg  B C,  its  descent  is  still  opposed  by 
the  resistance  of  the  air,  and  it  will  lie 
necessary  to  keep  up  the  rarefaction 
until  the  liquid  passes  the  level  D'.  For, 
suppose  that  at  any  point  above  D',  as 
E,  the  rarefaction  were  discontinued, 
the  atmosphere  would  then  press  the 
surface  E upwards  with  its  whole  force. 
This  pressure  would,  however,  be  re- 
sisted liy  the  weight  of  the  liquid  B E : 
the  atinosjihcric  pressure  diminished 
by  the  weight  of  B E would  then  be 
the  cftective  force  which  presses  the 
surface  E upirarrb.  The  pressure  of  the 
atmosphere  on  D is  transmitted  through 
* the  liquid  to  E (sec  Uudrostaticx) ; but 
this  pressure  is  diminished  by  the  weight 
of  the  column  D B which  it  sustains. 
Hence  the  effective  force  which  urges 
the  surface  E downwards  is  the  atmos- 
pheric pressure  diminished  by  the  weight 
of  the  column  D E.  So  long,  therefore, 
as  B E is  less  than  D E,  the  force  which 
urges  E ujiwardt  will  lie  greater  than 
that  which  presses  it  dmeuwards,  and 
it  will  therefore  return  into  the  ves- 
sel D. 

The  rarefaction  must  therefore  be  con- 
tinued until  the  liquid  has  been  draivn 
below  tlie  level  of  D.  After  that  the 
force  downward  will  exceed  the  force 
upward  by  the  weight  of  the  liquid  in 
B C below  the  level  D'. 

Since  the  liquid  is  raised  in  T)  B Iw 
the  atmospheric  pressure,  the  leg  B D 
must  be  shorter  than  a column  of  the 
liquid  whose  pressure  is  equal  to  that  of 


the  atmosphere ; that  is.  less  than  tliirty- 
four  feet  for  water,  thirty  inches  lor 
mercury,  &c. 

It  is  evident,  that  the  power  of  the 
sjphon  is  limited  to  merely  decanting  a 
liquid,  but  it  will  not  raise  it  above  the 
level  of  the  liquid  in  the  original  ves.sel. 
Neither  will  it  continue  to  act  after  the 
level  of  the  vessel  into  which  it  Is  de- 
canted becomes  equal  to  that  from 
which  it  is  drawn  off. 

Instead  of  exhausting  the  syphon, 
which  is  sometimes  a difficult  process,  it 
may  be  inverted  and  filled  with  water ; 
then  sto]>ping  each  end,  and  placing  it 
with  the  shorter  leg  immersed  in  the 
water  to  be  efrawn  off,  remove  the  stops, 
and  it  will  immediately  begin  to  flow 
from  the  longer  leg. 

When  the  sjqihon  is  large,  this  pro- 
cess is,  however,  not  easy.  In  this  case, 
an  aperture  may  be  made  in  the  highest 
point  B of  the  inflected  leg  of  the  sy- 
phon, and,  each  end  lieing  plugged,  tne 
syphon  may  be  filled  through  the  aper- 
ture. This  aperture  being  then  plugged, 
and  the  plugs  removed  from  the  ends,' 
the  liquid  will  flow  tlirough  it.  In  cases 
where  the  sjphon  is  used  to  carry  water 
over  an  elevation  or  a hill,  this  method 
is  often  adopted. 

(50.)  A syphon,  in  which  the  extre- 
mities of  the  legs  arc  turned  upwards, 
called  the  JVirtemburg  smi/ion,  may  be 
kept  constantly  tilled.  The  open  ends 
D and  E (fig.  2'J.),  are  at  tlie  same  level. 


fig.  29. 


and  the  height  of  the  highest  point  B, 
above  this  level  should  lie  less  than  the 
height  of  a column  of  the  liquid,  whose 
pressure  is  equal  to  that  of  the  atmos- 

fihere.  If  the  leg  D be  immersed  in  a 
iqiiid,  it  will  flow  out  of  E,  until  its  level 
is  reilucwl  to  1)  : for  the  pressure  of 
the  liquid  above  the  level  D,  exerted  on 
the  surface  of  the  liquid  in  the  syphon, 
is  transferred  by  it  to  tho  end  E,  where, 


D"' 
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being  nnresisted  by  any  equivalent  pres- 
sure. the  liquid  is  forc^  out.  It  sliould 
be  remembered,  that  the  atmospheric 
pressure  on  the  surface  E,  is  resisted  Ity 
an  equivalent  pressure  on  the  siu^iicc  of 
the  liquid  in  the  vessel  in  which  ttie  leg 
D is  immersed.  After  the  level  of  the 
liquid  in  that  vessel  has  fallen  to  D,  the 
liquid  will  cease  to  flow  ft^om  the  sy- 
phon, which,  therefore,  remains  full, 
and  may  be  hung  up  by  a loop  at  B,  till 
again  required  for  use. 

V.  Of  Acrottait,  or  Air-baVoont. 

(51.)  Afrostats,  or  air-balloons,  are 
machines,  constructed  so  as  to  be  able 
to  rise  in  the  atmosphere,  and  float  in  it 
at  considerable  heights,  liearing  with 
them,  in  a car  suspended  from  them,  the 
afmnaut. 

I The  principle  of  the  air-balloon  i.s 
exactly  the  same  as  that  which  governs 
the  ascent  of  a piece  of  cork  from  the 
bottom  of  a vessel  of  water  to  its  surface. 
If  anybody  is  placed  in  a fluid,  whether 
elastic  or  inelastic,  a gas  or  a liquid,  it 
will  rise  or  sink,  according  as  it  is  lighter 
or  heavier,  bulk  for  bulk,  than  the  fluid. 

Let  A B (.fig.  .30.)  represent  a level 
plane,  and  let  C D represent  the  highest 
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stratum  of  thOnffllosphcre,  and  E F any 
inferior  stratum.  Every  part  of  the  level 
EFmust  be  equally  pressed  by  the  weight 
of  the  incumlient  atmosphere ; and,  by 
the  general  property  of  fluids,  the  pres- 
sure to  which  it  is  submitted,  it  trans- 
mits equally  in  eveiy  direction ; so  that 
a square  inch  of  the  level  E F,  is  equally 
pressed  upwards  and  downwards  by  a 
force  equal  to  the  weight  of  a column 
of  the  atmosphere  whose  base  is  a square 
inch  at  the  level  E F,  and  whose  height 
is  the  difference  of  the  levels  EF  and  CD. 
Now,  if  a body  G II I K,  whose  base  is 
a square  inch,  to  placed  with  its  base  on 
the  level  E F,  it  will  take  the  place  of  as 
much  air  ns  is  equal  to  its  own  bulk.  If 
it  lie  lighter  than  the  air  it  has  displaced, 
it  will  press  on  the  level  E F with  a less 
force ; but  the  level  E F w ill  press  on  it 
w ith  the  same  force  as  before ; and, 
Uierefore,  being  pressed  upwards  with  a 


greater  force  than  downwards,  it  will 
rise.  If,  on  the  other  hand,  it  be  heavier 
than  the  air  it  displaces,  it  will  fall ; and, 
finally,  if  it  be  equal  in  weight  with  the 
air  it  has  displaced,  it  will  remain  sus- 
pended : these  last  cases  being  establish- 
ed In’  the  same  reasoning  as  the  first. 

The  air-balloon  is  a light  silken  bag 
filled  with  a gas,  which,  bulk  for  bulk,  is 
lighter  than  air,  so  that  when  inflated, 
the  machine  becomes  considerably 
lighter  than  the  air  which  it  displaces. 

It  will  therefore  ascend  in  the  atmos- 
phere with  a force  equal  to  the  differ- 
ence between  its  own  weight  and  that  of 
the  air  it  displaces.  This  difference,  if 
the  balloon  lie  sufficiently  large,  is  so 
considerable,  that  it  is  enabled  to  cany 
up  with  it  one  or  two  persons  in  a car 
attached  to  it. 

As  it  ascends,  the  air  becoming  less 
dense  (’23.),  the  diflerence  between  its 
weight  and  that  of  the  air  displaced  by 
it,  is  gradually  diminished,  until  it  attains 
such  an  height,  that  the  air  it  displaces 
is  so  rare  as  to  be  only  equal  in  weight 
to  the  balloon.  This,  therefore,  must 
be  the  limit  of  its  ascent. 

The  aeronaut  can  descend  by  permit- 
ting some  of  the  gas  to  escape  through 
a valve,  and  thereby  diminisliing  the 
bulk  of  the  balloon.  By  this  means  the 
air  it  displaces  is  diminished,  and  the 
weight  of  the  balloon  is  made  to  exceed 
that  of  an  equal  bulk  of  air ; and  there- 
fore it  falls  until  it  comes  to  a lower  and 
denser  stratum,  in  which  the  weight  of 
the  air,  bulk  for  bulk,  is  equal  to  that  of 
the  balloon,  and  here  again  it  is  sus- 
pended. 

To  be  enabled  to  rise,  the  aeronaut  is  • 
provided  with  ballast,  composed  of  bags 
of  sand ; upon  throwing  out  some  of  these 
he  lightens  the  machine,  and  accordingly 
rises.  By  these  means,  as  long  as  a suf- 
ficient quantity  of  gas  remains  in  the 
balloon,  he  can  ascend  and  descend  at 
pleasure. 

VI.  Of  the  Air-gun. 

(52.)  The  air-gun  is  an  instrument  for 
projecting  balls,  or  other  missiles,  by  the 
elastic  force  of  condensed  air. 

The  principle  of  the  air-gun  is  easily 
understood.  By  means  of  a condenser, 
such  as  has  licen  described  in  (38.),  air 
is  highly  condensed  in  a strong  receiver, 
provided  for  the  purpose,  having  a valve 
in  it  which  opens  inwards.  This  receiver, 
or  magazine  of  compressed  air,  is  screw- 
ed upon  the  stock  of  the  air-gun.  so  that 
a communication  can  be  m^e  between 
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the  barrel  and  the  compressed  air,  by 
openins;  the  valve  by  proper  mechanism 
provided  for  that  purpose.  A bullet 
heinst  placed  in  the  barrel,  and  the  valve 
opened,  the  condensed  air  will  press  it 
forward,  and  this  pressure  will  continue 
until  the  bullet  leaves  the  mouth  of  the 
barrel. 

The  best  construction  of  the  air-pin  is 
Martin's.  It  has  a lock,  stock,  barrel, 
ramrod,  &c.,  similar  to  a common  fowl- 
ing-piece. The  ma^fazinc  for  condensed 
air  IS  a strong  hollow  copper  ball,  in 
which  air  is  condensed  by  a sjTinee.  If 
the  air  lie  highly  condensed,  a ball  will 
be  projected  by  this  instrument  to  the 
di.stance  of  sixty  or  seventy  yards.  A 
number  of  balls  may  be  discharged  in 
rapid  succession,  without  requiring  any 
further  condensation  in  the  magazine. 

Chapter  VII. — On  Sounds. 

(53.)  Sound  is  the  sensation  pro- 
duced in  the  mind,  when  the  organs  of 
hearing  are  affected  by  peculiar  motions, 
transmitted  to  them  through  the  medium 
of  the  air  or  other  bodies. 

To  enter  into  any  details  on  the  theory 
of  sound,  would  require  a much  more 
extended  discussion  than  would  be  con- 
sistent with  the  limits  which  our  plan 
necessarily  prescribes  to  the  present 
Treatise.  We  shall,  therefore,  in  this 
chapter,  confine  ourselves  to  the  state- 
ment and  explanation  of  a few  of  the 
most  important  properties  connected 
with  the  propagation  of  sound. 

When  an  elastic  body  is  struck,  it  ac- 
quires a tremulous  or  vibratory  motion ; 
this  motion  is  communicated  to  the  air 
which  surrounds  the  body,  and  produces 
in  it  corresponding  undulations,  by 
which,  the  ear  being  affected,  the  sensa- 
tion of  sound  is  produced.  The  air  being 
thus  the  most  usual  medium  by  which 
we  receive  the  sensation  of  sound,  this 
part  of  physical  science  has  been  gene- 
rally considered  as  a branch  of  pneu- 
matics, but  under  the  separate  name  of 
Acoustics. 

(54.)  That  it  is  the  air  surrounding  the 
sonorous  body  which  transmits  titt 
sound  to  the  ear  may  easily  be  proved. 

Let  a small  liell  be  suspend^  in  the 
moveable  receiver  of  an  air-pump.  Be- 
fore the  process  of  rarefaction  com- 
mences let  the  receiver  be  shaken,  so 
that  the  bell  may  ring,  and  the  sound  will 
be  distinctly  heard.  As  the  rarefaction 
proceeds,  the  sound  of  the  bell  will  be 
gradually  weakened,  and  the  process 


may  be  continued  until  it  become  per- 
fectly inaudible.  Upon  allowing  the  au- 
to return  graiiually  into  the  receiver,  the 
bell  will  become  gradually  louder,until  as 
much  air  be  admitted  as  was  withdrawn. 

Air,  however,  although  the  most 
usual,  is  neither  the  only  nor  the  best 
conductor  of  sound.  Otlier  elastic  fluids, 
as  vapours  and  gasses,  have  this  pro- 
perty in  common  with  air,  as  may  be 
proved  by  introducing  them  into  the 
exhausted  receiver  in  place  of  the  air 
which  has  been  withdrawn  finm  it.  In- 
elastic fluids  or  liquids  also  conduct 
sound.  If  two  stones  be  struck  together 
under  water  the  sound  will  be  heard,  the 
ear  being  placed  under  the  same  water. 
Solid  bodies  also  conduct  sound.  If  a 
beam  of  wood,  of  considarable  length,  be 
struck  at  one  end,  the  sound  will  be 
audible  to  an  ear  placed  close  to  it  at  the 
other  end,  although  the  same  sound 
would  be  perfectly  inaudible  to  an  ear  at 
the  same  distance,  in  any  other  direc- 
tion, from  the  striking  body. 

(55.)  The  propagation  of  sound  is  not 
instantaneous  ; that  is  to  say,  the  sensa- 
tion is  not  produced  at  the  same  instant 
as  the  motion  in  the  sonorous  body 
which  causes  it.  If  a gun  or  piece  of 
ordnance  be  discharged  at  a consider 
able  distance,  the  flash  will  be  first  seen, 
and  after  a considerable  interval  has 
elapsed,  the  explosion  will  be  heard.  In 
like  manner,  lightning  always  precedes 
thunder  by  an  mtervru  of  some  seconds. 
It  thus  appears,  that  sound  is  propa- 
gated through  the  air  with  a certain 
velocity ; and  to  determine  experiment- 
ally this  velocity  has  been  considered  an 
in'teresting  physical  problem. 

By  a comparison  of  the  most  accu- 
rate experiments  which  have  been  made 
on  the  subject,  we  may  conclude  that 
the  atmosphere,  in  its  ordinary  state, 
conducts  sound  at  the  rate  of  1130 
feet  per  second.  The  velocity  is  sub- 
ject to  some  slight  variation,  owing 
to  the  change  of  temperature,  the  mois- 
ture suspended  in  the  air,  and  other 
causes ; but  1130  feet  may  be  taken  as 
an  average  rate.  This  rate'also  supposes 
the  atmosphere  to  be  perfectly  calm.  If 
there  be  a wind,  its  velocity  must  be 
added  to  the  velocity  already  mentioned, 
when  it  blows  from  the  sounding  body 
to  the  ear ; and  subtracted  from  it  when 
it  blows  in  a contrary  direction. 

Different  bodies  conduct  sound  with 
different  velocities.  A beautiful  expe- 
riment was  lately  instituted  at  Paris,  to 
illustrate  this  fact,  by  Biot.  At  the  ex- 
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Iremity  of  a cylindrical  tube,  upwards  of 
3000  fct  in  lentil,  a ri^  of  metal  was 
placed,  of  tlie  same  diameter  as  the 
aperture  of  the  tube ; and  in  the  centre 
of  tills  ring,  in  the  mouth  of  the  tube, 
was  suspended  a clock-bell  and  hammer. 
The  hammer  was  made  to  strike  the 
ring  and  the  bell  at  the  same  instant,  so 
that  the  sound  of  the  ring  would  be 
transmitted  to  the  remote  end  of  the 
tube,  through  the  conducting  power  of 
the  matter  of  the  tube  itself ; while  tile 
sound  of  the  bell  would  be  transmitted 
through  the  medium  of  the  air  included 
within  the  tube.  The  ear  being  then 
placed  at  the  remote  end  of  the  tube, 
the  sound  of  the  ring,  transmitted  by 
the  metal  of  the  tube,  was  first  distinctly 
heard ; and  after  a short  interval  had 
elapsed,  the  sound  of  the  bell,  transmit- 
ted by  the  air  in  the  tube,  was  heard. 
The  result  of  several  experiments  was, 
that  the  metal  of  the  tube  conducted  tlie 
sound  with  about  ten  and  a half  times 
the  velocity  with  which  it  was  conducted 
by  the  air ; that  is,  at  the  rate  of  about 
1 1 ,866  feet  per  second. 

(66.)  Sound  is  reflected  from  hard  and 
smooth  surfaces,  according  to  law  s simi- 
lar to  those  which  govern  tlie  reflection 
of  light ; and,  similar  to  light,  it  is  pro- 
pagated in  right  lines. 

Let  A (Jig.  31.)  be  the  position  of  a 
sounding  body,  and  let  B C be  a smooth 


and  hard  surface  at  the  distance  AD, 
the  line  A D being  perpendicular  to  B C. 
The  sound  is  propagated  in  right  lines 
diverging  from  A,  and  the  rays  of  sound 
strike  the  surface  B C at  the  points  E, 
F,  G,  H,  I.  Sic.  They  are  then  reflected 
from  the  surface  B €,  at  angles  equal  to 
tliose  at  wliich  they  strike  it;  that  is, 
the  angle  D E A is  equal  to  BEK, 
DFA  is  equal  to  BFL,  DGAto 
B G M,  &o.  Now,  if  this  be  the  case, 
by  a well-known  geometrical  theorem, 
the  lines  K E,  L F.  M G.  N H,  &c..  if 
continued  back  in  the  directions  K E, 
I,  F,  &c.,  will  all  meet  in  a point  A',  as 
far  behind  the  surface  B C,  as  A is  be- 
fore it ; so  that  A D = A'D.  The  rays 


of  sound,  E K,  F L,  G M,  &c.,  will 
therefore  proceed,  as  if  they  emanated 
from  a sounding  body  placed  at  A'. 
These  rays  of  .lound  w ill  therefore  aflect 
an  ear  placed  any  where  witliin  their 
range,  as  at  X,  exactly  as  if  the  sound- 
ing body  were  placed  at  A' ; and  if  a 
sufficient  number  of  these  reflected  rays 
meet  the  ear  at  X,  the  reflected  sound 
will  be  heard.  But  the  sound  of  A will 
be  first  heard  in  the  direction  of  the  line 
A X,  so  that  a repetition  or  echo  wilt  be 
the  effect.  The  line  X A being  less  than 
X A,  the  direct  sound  in  the  line  X A 
will  be  first  heard  ; and  after  an  interval, 
equal  to  the  time  which  sound  takes  to 
move  through  a space  equal  to  the  dif- 
ference between  the  distances  X A and 
X A',  the  echo  will  be  heard. 

When  there  is  but  one  reflecting  sur- 
face, it  seldom  happens  that  a sufficient 
numlier  of  rays  of  sound  meet  the  ear 
to  produce  sensation,  in  which  case  no 
echo  will  be  perceived.  But  if  tlie  ear 
lie  placed  at  the  sounding  body,  and 
if  smooth  and  hard  surfaces  be  placed 
in  various  directions  round  this  centre, 
they  will  severally  reflect  back  the 
sound.  In  order,  however,  that  sensa- 
tion should  tie  produced,  it  will  be 
necessary  that  a number  of  these  reflec- 
tions should  reach  the  ear  at  the  same 
instant.  This  will  necessarily  be  the 
case  if  a number  of  the  reflecting  sur- 
faces are  at  equal  distances  from  the 
ear  and  the  sounding  body.  If,  then, 
Oie  place  of  the  ear  and  the  sounding 
body  be  the  centre  of  a circle,  and  if 
in  the  circumference  of  this  circle  and 
at  right  angles  to  lines  drawn  from  the 
centre,  a number  of  plane  reflecting  sur- 
faces be  placed,  the  rays  of  sound  pro- 
ceciling  from  the  centre  will  be  reflected 
back  to  the  centre,  so  as  to  produce  a 
distinct  perception  of  the  sound  or  an 
acho.  The  number  of  seconds  lietween 
the  production  of  the  sound  and  its 
echo  may  be  found  by  dividing  twice 
the  number  of  feet  in  the  radius  of  the 
ciicle  by  U3U. 

LetC  (y^.32.)betheplace  of  the  audi- 
tor, and  A,  B,  D,  E,  F be  plane  reflect- 
ing surfaces  placed  in  tlie  circumference 
of  the  same  circle.  The  sound  produced 
at  C moves  along  C A,  and  being  re- 
flected at  A,  returns  along  A C,  and 
arrives  at  C after  as  many  seconds  as 
1130  feet  are  contained  in  twice  AC. 
Since  tlie  lines  A C,  B C,  D C,  E C, 
F C are  equal,  the  sound  is  reflected 
fixim  tlie  surfaces  B,  D,  E,  Fin  exactly 
the  same  time  as  from  A.  Now,  al- 
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though  one  of  these  reflections  might 
be  insufiicient  to  render  the  echo  per- 
ceptible, yet  their  combined  effect  cannot 
faU  to  do  so. 

When  accident  or  design  has  placed 
surihees  in  such  a position,  an  echo  will 
therefore  be  the  consequence,  and  it 
may  even  happen  that  the  same  point  C 
will  be  the  centre  of  several  concentrical 
circles  of  reflecting  surfaces,  in  which 
ease  there  will  be  as  many  reverbera- 
tions of  the  sound. 

If  the  sound  be  produced  at  one  point, 
and  the  auditor  ne  placed  at  another, 
the  reflecting  surfaces  must  be  placed 
in  an  ellipse,  of  which  those  two  points 
are  the  fod.  This  will  be  easily  under- 
stood by  tlie  aid  of  the  known  properties 
of  this  curve. 

Let  8 {flg,  33.)  be  the  place  of  the 
sounding  l>ody,  and  A the  place  of  the 
auditor,  and  with  these  points  as  foci, 
let  an  ellipse  B,  C,  D.  See.  be  described. 
Let  B,  C,  D,  E,  &c.  be  plane  surfaces, 
coinciding  at  the  points  B,  C,  D,  E,  &c. 
with  the  curve,  or,  more  strictly  speak- 
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ing,  tangents,  to  the  curve  at  these 
points.  By  the  establisheil  properties 
of  this  curve,  the  sums  of  the  distances 
of  each  point  in  it  from  the  foci  A S arc 
the  same  ; that  is,  AB  + B8  = AC-h 
CS  = AD-hDS,  &c.  Also  the  angles 
which  each  pair  of  these  lines  make 
with  the  respective  tangents  are  equal ; 
that  is,  the  angle  A B a is  equal  to  the 
angle  8 B 6,  A C c = 8 C rf,  &c.  Hence 
it  follows,  that  sounds  proceeiling  from 
S in  the  direction  8 B will  be  reflected 


from  B in  the  direction  B A ; also  the 
sound  from  8 to  C will  be  reflected  from 
C to  A ; and  in  the  same  manner  the 
rays  of  sound  proceeding  from  8 and 
striking  on  I),  E,  F,  &c.  will  also  be 
reflected  to  A.  And  since  the  spaces 
through  which  these  several  rays  have 
to  move,  viz.  S B B A,  S C + C A, 
8 p + D A,  See.  are  equal,  tliey  will  all 
arrive  at  A at  the  same  instant,  and  will 
consec^ucnlly  be  sufficient  to  produce 
sensation.  The  sound  of  8 will,  therefore, 
be  first  heard  directly  along  8 A,  and 
afterwards  by  the  reflections  just  de- 
scribed. If  it  happen  that  there  are  a 
sufficient  number  of  reflecting  surfaces 
in  several  ellipses  having  the  same  pointa 
8 A as  foci,  there  will  be  several  repeti- 
tions of  the  echo. 


CnapTBR  VIII. 

Works  upon  this  Branch  of  Science, 

Gravesande’s  Mathematical  Elements  of  Natnral  Philosophy,  book  II,  part  III. 
Furguson^s  f-ectures  on  Select  Subjects,  f>ect.  VI. 

These  two  works  give  a popular  exhibition  of  the  science;  and  dcKribe  fully  the 
experiments  which  illustrate  it,  and  the  machines  to  which  it  is  applied.  Rowning*s 
Natural  Philosophy  gives  an  easy  and  somewhat  more  superficial  account  of  it. 

The  heads  of  the  subject,  but  only  as  heads  for  lecturing  from,  are  to  be  found  more 
learnedly  given  in  Prof.  Playfair  and  Ur.  M.  Young’s  Outlines  of  Natural  Philosophy. 
History  of  the  Fundamental  Discovery 

Galileo’s  Dialogues.  The  rise  of  fluids  in  tubes  by  suction  is  ascribed  to  nature’s  hotror 
of  a vacuum,  but  some  of  the  experiments  by  which  the  weight  of  air  is  shewn  ate 
described. 

Pascal — Nouvelles  Experiences  touchanl  leVuirle.  This  was  first  published  before 
1613,  the  date  of  the  Torricellian  Experiment,  and  Pascal  adopts  Galileo’s  notion. 
After  1643  he  followed  Torricelli,  and  caused  the  experiment  of  Puy  de  Dome  to  be 
made  on  the  fall  of  the  mercury  as  we  mount  in  the  atmosphere,  and  repeated  it 
in  a church  at  Paris. 
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DeiCartefl,  letter*  III.,  p.  Ul,  1631,  explains  the  rise  of  Mercury  in  close  tubes  by  the 
weifrht  of  the  atmosphere. 

Stevinus.  1585,  published  in  Flemish  his  Mechanic#,  and  one  chapter  is  entitled  ' On  the 
Weight  or  Statics  of  Air.*  Montucla  (History  of  Matbem.  11.  ISO),  had  never  seen 
it;  the  Latin  translator  of  Stcvinus*B  works, published  1608,  having  omitted  this  part, he 
aeems  to  suspect  that  it  only  discussed  the  force  of  air  impinging  on  sails,  &c . Montu- 
cla (II.  903)  gives  the  history  of  the  Torricellian  Discovery  in  a very  striking  manner. 
The  Theory  of  the  Resistance  of  Elastic  Fluids,  to  bodies  moving  in  them,  a branch 
of  Dynamics  rather  than  Pneumatics,  is  given  in  some  profound  and  beautiful  proposi- 
tions of  the  Principia:  see  lib.  II.,  props.  31  and  35,  37  and  38,  40,  and  the  scholium  to 
it,  in  which  Sir  Iraac  relates  his  admirable  experiments  on  bodies  falling  in  the  air,  and 
-among  others  the  experiments  on  bodies  falling  from  the  roof  of  St.  Paul's  (990  feet) 
made  in  June  1710.  Props.  43,  47,  48,  and  49,  contain  the  theory  of  pulses,  and  their 
propagation  through  elastic  media,  and  consequently  the  theory  of  sound. 

There  are  many  valuable  papers  on  subjects  connected  with  Pneumatics  in  the 
Philoiophical  Trannaetions*  : — 

Experiments  on  the  Compression  of  Air  by  Water.— .Dr.  Halley  on  the  Barometer.'— 
Dr.  Papin,  on  Air  rushing  into  a Vacuum. — llauksbee,  on  Sound  propagated  in  con- 
densed and  rarehed  Air. — Hauksbee,  on  the  Density  and  Temperature  of  Air. — Desagu- 
liePs  Experiments  on  Bodies  falling  in  Air.  (This  last  set  of  experiments  is  described  by 
Sir  I.  Newton  in  the  Scholium  above  referred  to.  He  appears  to  have  assisted  and  taken 
the  limes.)— Derham,  Motion  of  Pendulums  in  Vacuo. — Darwin,  on  the  Mechanical 
Expansion  of  Air. — Eklgeworlh,  on  the  Resistance  of  Air. — On  the  Motion  of  Air.— 
Dr.  Young’s  Paper  on  Sound  and  Light. 

The  /ffr-Ptimp— Smeaton's  proposed  Air-Pump. — Naime's  Experiments  with  that 
and  other  Pumps. — Cavallo’s  Air  Pump.— (There  are  in  the  older  volumes  some  papers 
on  the  same  subject,  beginning  with  the  proposals  by  Dr.  Beale  and  Mr.  Boyle,  of 
several  experiments  to  be  made  with  the  **  Pneumatic  Engine.”) — Mr.  Boyle’s  New 
Pneumatical  Experiments  about  Respiration — (alt  in  the  Phihwphical  Traneactioiu.') 
Boyle’s  Treatise  on  the  Spring  and  Weight  of  Air,  Oxford  1663. 

Boyle,  on  the  Rarity  and  Density  of  Air — Marriotte  sur  la  Nature  de  FAir,  1676. 
Ilombergon  the  Spring  of  Air  in  Vacuo.  Mem.  of  the  French  Acad,  of  Sciences,!.  105. 
La  Him  on  the  Condensation  and  Dilatation  of  Air,  i6.  1705,  p.  1 10. 

Carr6  on  the  Spring  of  Air,  t'6.  1710,  p.  1. 

Richmannon  the  Compression  of  Air  by  Ice.  Nova  Comment.  Petropolitana,  II.  169. 
Nollet  on  Pneumatic  Experinaents.  Mem.  French  Acad.  1740,  pp.  385,  567—1741, 
p.  838. 

Fontana  on  the  Elasticity  of  CUmcs.  Mem.  Societa  Italians,  I.  p.  83. 

TAs  .Rarofne/«r— Trait^  des  Barometres.  Amsterdam,  1 686.— Mercurial  and  Water 
Barometers  compared.  Mem.  Fr,  Acad.  I.  994.— Amontons  on  Barometers,  i6.  U.  93.— 
Huygens  on  a New  Barometer,  X.  375. — La  Hire  on  Barometers,  ^6.  1706,  p.  439.— 
Franceschini  on  the  Height  of  the  Barometer.  Mem.  Soc.  llal.  V.  994— Dalton  on  Ba- 
rometrical Observations.  Manchester  Mem.  V.  666. 

BaromeiriccU  MeaturemeT^s. — Halley,  Barometrical  Observations  on  Snowden.— 
Halley  on  Barometrical  Measurements. — Derham  on  the  Height  of  the  Barometer  on 
Mountains. — Desagulieris  Contrivance  for  taking  Levels. — Scheuchzer’s  Barometrical 
Method  of  Measuring  the  Height  of  Mountains— Dcluc,  Barometrical  Observations  on 
the  Depth  of  Mines,— ^ir  G.  Shuckburgh. — Gen.  Roy  on  Measurement  of  Heights— (alt 
in  (he  PhilotophkeU:  TVansaeiiom.) 

Euler  on  Barometrical  Measurements.  Mem.  Acad.  Berlin,  1753.  p.  114. 

Lavoisier  on  Weight  of  Air.  Mem.  French  Acad.  1774,  p.  364. 

Morozzo  on  tl»e  Constitution  of  the  Atmosphere.  Mem.  S^.  Ital.  VI.  991. 

Playfair  on  the  Causes  which  affect  the  accuracy  of  Barometric  Measurements.  Edin. 
Trans.  1.  87. 

AcomticSt  or  Doctrine  of  Sound 

Perrault  on  Hearing.  Mem.  Fr.  Acad.  I.  158— Nollet  on  the  Hearing  of  Fishes,  i6. 

1743,  p.  199 Anderson  on  the  same  subject,  ib.  1748,  p.  149.— Hunter  on  the  same 

subject.  Phil.  Trans.  1789,  p.  379. — La  Hire  on  Sound.  Mom.  Fr.  Acad.  1716,  p. 
969 — Cassini  on  Sound,  (A  1738,  p.  198 — Lagrange  on  Sound.  Mem.  Acad.  Turin, 
I,  II— .Euleron  the  Propogalion  of  Pulses.  Nov.  Com.  Petropol.  1.  67— Euler  on  the 
jame  subject  Mem.  Acad.  Berlin,  1765,  p.  335.— J.  Gough  on  Sound.  Mancheslec 
Mem.  V.  C99. 


* Tbt  psfM  rfftired  to  is  tbc  Philosophies  ITrsassotions  will  be  estilr  fonad  by  roDsvlting  the  Index  to 
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Chaptbr  I. 

Oenmtl  Remarks,  upon  the  Agency 

Heat,  and  its  connexion  with  Chemi- 
cal Science. 

In  all  our  excursions  over  the  surface  of 
this  globe,  innumerable  oMects  excite 
our  admiration,  and  contribute  to  in- 
spire  delight.  But  whetlier  our  grati- 
tude is  awakened  Iw  the  verdure  of  the 
earth,  the  lustre  of  the  waters,  or  the 
freshness  of  the  air,  it  is  to  the  benefi- 
cial ageney  of  Heat  (under  Providence) 
that  we  are  indebted  for  them  all. 
Without  the  presence  and  effects  of 
heat,  the  earth  would  be  an  impenetrable 
rock,  incapable  of  supporting  animal  or 
vegetable  life ; the  waters  would  be  for 
ever  deprived  of  their  fluidity  and  mo- 
tion ; and  the  air  of  its  elasticity  and  its 
utility  together. 

Heat  animates,  invigorates,  and  beau- 
tifies all  nature.  Its  influence  is  abso- 
lutely necess^  to  enable  plants  to  grow, 
put  forth  their  flowers,  and  perfect  their 
miit.  It  is  closely  connected  with  the 
powers  of  life ; since  animated  beings 
lose  their  vitality  when  heat  is  withdrawn. 

Such  is  the  universal  influence  of  this 
powerful  agent  in  the  kingdoms  of  na- 
ture ; nor  is  this  influence  diminished  in 
the  provinces  of  art.  It  is  with  the  aid  of 
heat  that  rocks  are  rent,  and  the  hidden 
treasures  of  the  earth  obtained.  Matter 
is  modified  ten  thousand  ways  by  its 
agency,  and  rendered  subservient  to  the 
uses  of  man ; furnishing  him  with 
useful  and  appropriate  instruments, 
warm  and  ornamental  clothing,  whole- 
some and  delicious  food,  netful  and 
effectual  shelter. 

Increase  of  temperature  facilitates  the 
operations  of  chemistry  in  various  ways ; 
nut  chiefly  by  heightening  the  attrac- 
tive forces  which  the  particles  of  mat- 
ter exert  for  each  other,  and  thus  ena- 
bling them  to  combine  together.  In 
many  instances  the  particles  which  enter 
into  the  composition  of  compound  bo- 
dies may  remain  in  close  contact  with- 
out uniting,  unless  the  temperature  is 
raised,  and  then  the  combination  pro- 
ceeds with  rapidity. 

The  term  Caloric  was_  introduced  by 


Lavoisier  to  distinguish  the  cause  of 
heat  from  the  sensation  which  we  cal. 
by  the  same  name ; but  the  terms  caloric 
and  calorific fiaid  seem  to  imply  the  ma- 
terial nature  of  heat,  which  has  not  yet 
been  proved.  The  heat  of  the  sun's  rays 
is  a common  form  of  expression ; it 
seems  to  convey  just  as  clear  an  idea  as 
the  caloric  of  the  sun's  rays ; and  is 
more  conformable  to  common  modes  of 
speech : the  heal  which  we  feel  is  ano- 
ther equally  common  form  of  expression, 
which  applies  to  the  sensation  iiroduced, 
while  the  former  use  of  the  word  marks 
the  cause,  whatever  it  be,  that  produces 
the  sensation.  The  common  usage 
has  long  liecn,  it  thus  appears,  to  apply 
this  term  both  to  heat,  and  to  the 
sensation  which  heat  produces ; and  it 
is  still  so  applied  in  the  works  of  the 
most  scientific  writers ; the  meaning  of 
the  expression  in  which  it  is  used  being 
considered  sufficient  to  prevent  any  am- 
biguity or  confusion.  The  author  of 
this  treatise  docs  not,  therefore,  consider 
himself  liound  to  aithere  to  the  term 
caloric,  although  he  may  sometimes  find 
the  use  of  it  convenient. 

Chapter  II 

Of  the  Nature  or  Cause  of  Heat. 

Whoever  is  employed  in  examining 
refined  and  powerful  natural  agencies, 
must  speedily  be  convinced  th.it  tin- 
causes  of  such  agencies  still  continue 
unknown;  notwith.standing  the  patient 
and  persevering  efforts  of  learned  men, 
through  many  ages  of  investigation. 
This  is  strictly  true  with  regard  to  heat 
or  caloric ; concerning  which  it  cannot 
be  determined  whether  its  phenomena 
are  occasioned  by  a subtile  fluid,  capa- 
ble of  entering  into  bodies  and  of  lieing 
emitted  from  them,  or  by  motion,  vibra- 
tion, or  rotation  excited  among  the  parti- 
cles of  matter.  The  arguments  which 
have  been  adduced,  and  the  experi- 
ments which  have  been  made,  arc  inwn  - 
elusive,  however  varied  and  ingenious 
thw  may  be. 

Pictet  suspended  a thermom.etcr  in  an 
exhausted  receiver ; and,  finding  that  it 
was  capable  of  imdetgoing  changes  of 
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temperature  while  in  that  situation,  he 
regarded  this  as  a proof  that  heat  is 
material,  on  account  of  its  capability  of 
passing  through  a vacuum. 

Count  Ruinfoni  proved  the  passage 
of  heat  through  a Torricelhan  vacuum, 
that  is,  tlic  space  left  at  the  top  of  a ba- 
rometer by  the  mercury  falling.  He 
placed  a thermometer  m such  a va- 
cuum, and  submitting  the  whole  appa- 
ratus to  changes  of  temperature,  the 
Uiermometer  was  affected  by  every 
change.  Tlie  Count  imarined  that  the 
very  subtile  vapour  which  arises  from 
quicksilver,  and  occupies  the  space 
called  the  Torricellian  vacuum,  is  too 
rare  to  transmit  caloric  by  its  vibrations 
in  a short  time  ; and  concluded,  there- 
fore, that  heat  being  able  to  pass  through 
such  a space,  without  the  aid  of  any 
vibrating  elastic  fluid,  must  be  material. 

The  strongest  argument  in  favour  of 
the  material  nature  of  heat  is  probably 
that  which  is  derived  from  its  rvuliation. 
When  a heated  body  is  exposed  in  the 
atmosphere,  a portion  of  its  heat  gra- 
dually quits  it,  and  passes  rapidly 
through  space  in  straiwt  lines : this 
heat  may  be  reflected  by  mirrors  and 
condense  by  lenses  ; ana  always  pro- 
duces effects  upon  bodies  exposed  to  its 
influence. 

Attempts  were  made  by  Buffon,  Roe- 
buck, and  Whitehurst,  to  ascertain  if 
the  weight  of  bodies,  to  which  heat 
is  applied,  is  increased : but  their  expe- 
riments have  been  considered  deficient 
in  philosophical  accuracy. 

A very  remarkable  result  was  obtained 
by  Dr.  Fordyce  in  an  ex]>eriment  to 
determine  the  weight  of  latent  heat, 
described  in  the  75tn  vol.  of  the.  Philo- 
sophical Transactions.  Hu  put  about 
1700  grains  of  water  into  a glass  glolie, 
three  inches  in  diamster,  and  seued  it 
hermetically;  it  then  wm^ied  Siooji 
grains ; its  temperature  having  been 
reduced  to  32“  by  l)eing  plungeel  in  a 
fieezing  mixture.  When  its  weight  was 
ascertained,  it  was  again  submitted  to 
tlie  freezing  mixture  for  twenty  minutes, 
unUl  a part  of  the  water  was  frozen. 
Its  weight  was  ascertained,  after  it  had 
been  very  carefully  drietl,  and  it  was 
found  to  have  gained  A'h  pail  of  a 
grain. 

This  process  was  repeated  five  times, 
more  of  the  water  being  fiozen  each 
time,  and  an  increase  of  weight  obtained. 
When  all  the  water  had  become  solid, 
the  weight  gained  was  of  a grain ; 
the  temperature  of  the  globe  and  the  ice 


which  it  contained  having  been  reduced 
to  12°  of  Fahrenheit's  scale.  The  beam 
used  was  a verj’  delicate  one,  and  the 
temperature  of  the  room  during  tlie  ex- 
periment was  37°. 

Similar  experiments  were  made  by 
Morveau  and  Chau.sier,  with  similar  re- 
sults ; sealed  glass  vessels  containing 
water  becoming  heavier  when  they  were 
frozen.  In  one  experiment,  two  pounds 
of  sulphuric  acid. lost  three  grains  of 
its  weight  when  it  became  fluid,  after 
haring  been  frozen. 

Were  the  results  of  these  experiments 
satisfactorily  established,  they  would 
prove  that  bodies  become  heavier  on 
the  discharge  of  caloric ; and  conse- 
quently, that  the  combination  of  caloric 
with  a body  renders  it  lighter. 

A fallacy  in  determining  the  results  of 
these  experiments  may  be  ascribed  to 
overlooking  tlie  fact,  that  the  air  above 
the  scale  being  cooled  down,  by  tlie 
frozen  body  in  it,  to  a lower  degree  tlian 
the  other  parts  of  tlie  atmosphere  of 
the  room,  that  portion  of  it  below  the 
scale  would  necessarily  be  displaced, 
and  the  scale  preponderate.  But  other 
philosophers  hav'e  tried  experiments  of 
tlie  same  kind,  without  obtaining  cor- 
re^onding  results. 

The  weight  of  frozen  and  liquid  sul- 
phiuic  acid  was  tried  by  Fontana,  with- 
out finding  any  difference. 

I.avoisier  took  a thin  glass  flask  con- 
taining a pound  of  water,  and  having 
hermetically  sealed  it,  weighed  it  very 
accurately,  and  then  submitted  it  to 
the  usual  cooling  process,  by  wliich 
the  water  was  frozen ; but  the  flask 
weighed  exactly  the  same  when  its  con- 
tents were  solid  as  when  they  were  fluid. 
In  another  experiment  the  same  philo- 
sopher put  six  grains  of  phosphorus 
upon  a small  capsule,  within  a very 
strong  glass  flask,  which  he  closed  se- 
curely ; he  then  weighed  it,  with  ;^at 
care,  and  aflerw  aixls  inflamed  the  phos- 
phorus, by  directing  upon  it  the  rays 
of  the  sun  tlirough  a bunting  glass. 
No  ditt'erence  of  weight  was  discovered 
when  the  vessel  was  weighed  again  after 
becoming  cold  ; nor,  indeed,  could  any 
be  expected  from  such  an  experiment. 

Count  Rumford  made  an  experiment 
which  seemed  to  confirm  the  result 
obtained  by  Dr.  Fordyce  and  others ; 
but  on  vaiying  the  same  experiment, 
he  concludeil  differently.  He  put  equal 
weights  of  water  and  quicksilver  into 
two  bottles,  very  much  alike,  and  sus- 
pended tlicm  to  the  arms  of  a deli- 
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cate  balance,  until  they  acquired  the 
temperature  of  the  room,  fil° : he  then 
submitted  them  to  the  influence  of  an 
atmosphere  at  34®  for  twenty-four  hoims, 
w ithout  ctfect,  as  the  weights  remained 
precisely  the  same ; although  it  is  cer- 
tain, from  the  respective  capacities  of 
the  two  fluids,  that  the  water  must  have 
given  out  much  more  heat  than  the 
quicksilver. 

In  making  other  experiments  with 
bottles  containing  different  fluids,  he 
found  that  difference  of  temperature  in 
the  bottle,  when  weighed,  occasioned  an 
apparent  difference  of  weight,  as  he 
supposed  from  the  verticsd  currents 
which  tliey  occasioned  in  the  atmo- 
sphere, when  heated  or  cooled  in  it ; or 
from  the  unequal  quantities  of  moisture 
condensed  upon  their  surfaces,  or  from 
both  causes  operating  together. 

The  hypothesis,  or  supposition,  by 
which  c^oric  is  considers  a subtile 
material  fluid,  the  particles  of  which 
mutually  repd  each  other,  appears  to 
give  a plausible  explanation  of  most 
of  the  phenomena  dependant  upon 
heat,  as  the  expansion,  fusion,  and 
vaporisation  of  bodies,  on  the  sup- 
position that  tlie  particles  of  caloric 
when  interposed  between  the  parti- 
cles of  bodies,  in  sufficient  quantity, 
produce  these  effects.  It  is  natural  to 
suppose,  when  a body  is  enlarged  in 
bulk,  that  the  enlargement  is  occasioned 
by  the  introduction  of  the  particles  of 
other  matter,  by  which  the  particles  of 
the  expanded  body  are  repelled  to  a 
greater  distance  from  one  another ; and 
tliis  repulsion  becomes  so  gi  eat,  in  con- 
sequence of  the  introduction  of  a large 
quantity  of  heat,  as  to  enable  the  par- 
ticles of  solid  bodies  to  assume  the  fluid 
or  aerifbrm  states. 

The  communication  of  heat  from  one 
body  to  another  is  also  accounted  for  by 
this  hypothesis, — on  the  supposition  that 
bodies  have  the  power  of  attracting  this 
refined  matter.  According  to  the  same 
hypothesis,  we  may  account  for  the  un- 
equal effects  produced  by  equal  quan- 
tities of  heat,  upon  different  bodies,  by 
supposing  them  to  exert  different  de- 
grees of  attraction  for  caloric.  The 
cold  which  is  occasioned  by  the  con- 
version of  solid  substances  into  fluids 
or  gases,  and  the  great  increase  of  tem- 
perature which  attends  the  condensation 
of  gases  or  fluids,  admits  of  satisfactory 
elucidation  upon  Uiis  hjqiothesis,  the 
matter  of  heat  or  caloric  being  ab- 
sorbed, it  is  supposed,  in  the  Ibrmer 
tase,  and  set  free  in  the  latter. 


There  arc  phenomena,  however,  which 
are  not  easily  reconciled  to  this  hypo- 
thesis ; — the  high  degree  of  heat  occa- 
sioned by  the  explosion  of  gunpowder, 
where  large  quantities  of  gaseous  mat- 
ter are  disengaged ; — the  heat  which  re- 
sults from  the  decomposition  of  euchlo- 
rine  gas,  although  it  is  resolved  into 
^ses  of  greater  volume ; — and  the  pro- 
duction of  heat  by  friction  or  percus- 
sion. 

Dr.  Murray  was  of  opinion  that  there 
is  a strong  analogy  lietween  the  usual 
mode  of  exciting  electricity  and  the 
production  of  heat  by  friction,  and  that 
the  phenomenon  may  be  explained  con- 
sistently with  the  hy]iothesis  alluded  to. 

According  to  this  author,  the  particles 
of  bodies  arc  made  to  vibrate  or  oscillate 
by  friction,  percussion,  or  other  mecha- 
nical impulse,  and  that  during  this  state 
of  mobon  they  must  ultimately  ap- 
proach to  and  recede  from  each  other : 
when  the  particles  approach,  part  of  the 
caloric  interposed  between  these  par- 
ticles must  be  forced  out ; and  when 
they  recede  from  each  other,  caloric 
must  be  absorbed.  A part  of  the  caloric 
set  free  at  every  vibration  is  evolved ; 
and  it  is  supposed  that  its  loss  is  sup- 
plied by  other  bodies,  with  which  the 
body  operated  upon  may  be  in  contact, 
in  consequence  of  tlie  strong  tendency 
of  caloric  to  maintain  an  equilibrium, 
in  the  same  way  as  electricity  is  supplied 
to  an  electrical  mactiine  in  action  and  in 
contact  with  the  earth. 

The  caloric  that  is  continually  evolved 
raises  the  temperature  of  the  substance 
undergoing  friction,  or  percussion,  w hich 
bears  some  analogy  to  the  charging  of 
an  electrical  conductor,  with  the  electri- 
city given  out  by  the  action  of  the  elec- 
trical machine. 

It  has  been  proved  by  Berthollet  thiit 
there  is  a close  connexion  between  the 
heat  produced  by  percussion,  and  tlie 
reduction  of  bulk  which  the  body  ope- 
rated upon  undergoes.  Pieces  of  gold, 
silver,  copjier  and  iron,  alike  in  size, 
were  submitted  to  the  stroke  of  a coin- 
ing press,  by  this  philosopher,  and  the 
heat  produced  by  each  stroke  was  as- 
certained by  throwing  the  pieces  into 
water ; the  relation  existing  betn  een 
the  degree  of  heat  imparted  to  the 
water,  and  the  heat  previously  existing 
in  the  metal,  having  been  found  by  ex- 
periment. In  ttiis  manner  he  was  ena- 
liled  to  determine  how  much  the  tem- 
perature of  each  piece  had  been  raised  ; 
and  tlie  important  fact  resulting  from 
B i 


uignized  by  Google 


4 


HEAT. 


these  expenments  is  this,  that  the  heat 
produced  was  greatest  at  tl\c  first  stroke 
to  which  each  piece  was  subjected,  less 
at  the  second,  and  less  still  at  the  third. 
After  the  third  stroke,  the  temperature 
was  but  very  little  raised.  The  follow- 
ing numl)ers  are  the  degrees  of  heat  m- 
cording  to  the  Centigrade  scale  which 
the  strokes  of  the  press  occasioned  in 
two  pieces  of  copper 

, „ , f First  Piece  . 

1st  Stroke  Pi«e  .. 


9. CO 
11.56 

4.06 
2.09 

1.06 
0.81 


j e.  I f Fival  Piece 
*nd  Stroke  | _ 

* i I f Piece  • 

Srd  stroke  | Second  Piece  . 

Tlie  other  metals  gave  similar  re- 
suits. 

The  quantities  of  heat  here  measured 
by  the  Centigrade  scale,  may  easily  be 
estimated  according  to  the  scale  of 
Falirenheit,  on  recollecting  that  one 
degree  of  the  former  is  equal  to  one 
eii^t-tenths  of  the  latter,  or  that  10° 
of  the  Centigrade  scale  are  equal  to  18° 
of  Fahrenheit 

It  appears,  therefore,  from  tliese  ex- 
periments, that  the  degree  of  heat  pro- 
duced is  always  in  proportion  to  the 
degree  of  condensation.  The  specific 
gravity  of  a piece  of  copper  before  the 
first  stroke  was  8.8529,  after  it  8.8898  ; 
and  after  the  second  stroke  8.9081. 
The  specific  gravity  of  silver  lieforc  the 
operation  was  10.4667,  and  after  it 
10.4838. 

The  other  hniolhcsis  which  has  pre- 
vailed with  regard  to  the  cause  of  heat 
is,  that  it  consists  in  motion  among  the 
particles  of  bodies. 

Tlie  invention  of  this  hypothesis  is 
usually  ascribed  to  I,ord  bacon,  who 
having  observed,  in  some  instances,  a 
connexion  betyveen  rise  of  temiieraturc 
and  increase  of  motion,  concluded  that 
motion  is  alyvays  the  cause  of  rise  of 
temperature,  or,  as  expressed  by  him- 
self, that  “ heat  arises  from  violent  mo- 
tion in  the  internal  parts  of  bodies." 
This  hypothesis  yvas  adopted  by  Boyle, 
and  the  opinions  yvhich  Neyvton  main- 
tained also  corresponded  yvith  it. — 
He  believed  “ that  heat  consists  in  a 
minute  vibratory  motion  in  the  particles 
of  bodies,  and  t nat  this  motion  is  com- 
municated through  an  apparent  vacuum, 
by  the  undulations  of  a very  subtile 
elastic  medium,  yvhich  is  also  conoemed 
in  the  phenomena  of  I'ght." 

Tlie  production  of  heat  by  friction 


is  knoyvn  to  some  of  the  leaat-ciy  ilixed 
races  of  men,  who  light  their  fires  by 
rubbing  two  pieces  of  yvood  together.  It 
has  been  considered  as  furnishing  the 
strongest  argument  against  the  mate- 
riality of  heat ; and  consequently  in 
favour  of  the  hypothesis  of  motion. 

It  occurred  to  Count  Rumford,  who 
had  observed  the  great  heat  produced  in 
the  operation  of  boring  cannon,  that  the 
heat  occasioned  by  fraction  might  be 
ascertained  by  a similar  process.  He 
took  an  unbored  cannon,  with  the  large 
projecting  piece  " tyvo  feet  beyond  its 
muzzle,"  yvhich  is  usually  cast  with 
cannon  to  ensure  solidity:  this  pro- 
jecting piece  was  bored,  and  reduced  to 
the  form  of  a hollow  cylinder,  attached 
to  the  cannon  by  a small  neck : tlie 
whole  appai-atus  being  yvrapped  in 
flannel,  was  made  to  revolve  upon  its 
axis  by  the  poyver  of  horses,  and  a blunt 
steel  borer  yvas  pressed  against  the  bot- 
tom of  the  cylinder.  Tlie  yvhole  mass 
of  metal  at  the  commencement  of  the 
operation  being  at  the  temperature  of 
60°,  the  force  yvith  yvhich  the  borer  was 
pressed  against  the  cylinder  yvas  esti- 
mated at  about  1 0,000'pounds  avoirdu- 
pois, and  the  surface  of  contact  lietv.  een 
the  borer  and  the  bottom  of  the 
CTlinder  yvas  about  two  square  inches. 
The  cylinder  had  made  900  turns  in 
half  an  hour ; the  apparatus  yvas  then 
stopped,  and  the  heat  yvhich  had  been 
produced  ascertained,- by  introducing  a 
mercurial  thermometer  into  a perfora- 
tion of  the  cyUnder  extending  from  the 
circumference  to  the  axis,  by  yvhich  it 
yvas  found  that  its  temiiciature  w.is 
raised  to  130°,  which  was  considered  to 
be  a correct  indication  of  the  mean 
temperature  of  the  cylinder.  The  par-  ' 
tides  of  iron  abrailed  during  the  ojiera- 
tion  weighed  837  grains,  being  aliout 
jJjth  part  of  the  whole  yveight  of  the 
cylinder. 

The  experiment  was  varied  by  the 
same  philosoiihor.  He  fixed  a cylinder 
of  brass,  partly  bored,  in  a liox  contain- 
ing eighteen  pounds  of  yvatcr,  excluding 
the  yvater  from  the  bore  of  the  cylinder 
by  oiled  leathers.  The  borer  was  niiulc 
to  revolve,  by  machinery,  thirty-two 
times  in  a minute.  The  temperature, 
which  at  the  commencement  was  60°, 
rose  in  an  hour  to  107°;  and  in  two 
hours  and  a half  the  yvater  boiletl.  The 
whole  apparatus,  weighing  fifteen 
pounds,  was  raised  to  the  same  tem- 
perature. In  estimating  the  qu.antity 
of  heat  produced  in  tills  cxpeiiinent 
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Count  Rumfonl  considered  it  to  be 
equal  to  that  of  nine  wax  candles,  each 
three-quarters  of  an  inch  in  diameter, 
burning  the  same  length  of  time. 

In  searching  for  the  source  of  heat  in 
this  experiment,  it  could  not  be  found 
in  any  change  of  capacity,  as  the  borings 
continued  of  the  same  capacity  as  the 
metal  from  which  they  were  abraded. 
Tlie  air  of  the  atmosphere  having  been 
excluded  in  the  process,  no  part  of  the 
heat  could  be  ascribed  to  its  agency ; 
the  water  used  undenvent  no  chemical 
change,  and  could  not,  therefore,  have 
contributed  any  portion  of  the  heat,  nor 
could  any  part  of  the  heat  have  been 
derived  from  surroundit^  bodies,  as 
they  rather  received  heat  from  the  mat- 
ter exposed  to  friction. 

The  Count  considered  it  proved  by 
these  experiments  that  heat  may  be  ob- 
taineil,  without  limitation,  by  subjecting 
metal  to  friction ; and  concluded  that 
what  can  be  obtained  from  insulated 
bodies  without  limitation  cannot  be  ma- 
terial, and  believed  it  impossible  to 
account  for  such  phenomena  upon  any 
other  hypothesis  than  that  of  motion 
among  the  particles  of  bodies. 

It  had  been  before  proved  by  Boyle 
that  friction  in  vacuo  produces  heat,  he 
having  obtained  this  result  by  making 
two  pieces  of  brass  rub  against  each 
other  in  the  exhausted  receiver  of  an 
air-pump.  Tlie  same  fact  was  proved 
by  Pictet,  who  found  that  the  intro- 
duction of  a soft  substance,  such  as 
cotton,  bebveen  the  rubbing  surfaces, 
increased  the  heat.  He  conjectured 
that  electricity  is  concerned  in  the  pro- 
duction of  heat  by  friction. 

Sir  H.  Davy  made  various  experi- 
ments illustrative  of  this  subject.  He 
insulated  an  apparatus  for  occasion- 
ing friction,  by  placing  it  on  ice  in 
vacuo,  in  which  situation  heat  was  pro- 
duced. Two  pieces  of  ice,  similarly 
circumstanced,  being  made  to  rub 
against  each  other,  neat  enough  was 
produced  to  melt  tliem.  The  heat 
producetl  in  this  experiment  could  not 
arise  from  any  diminution  of  capacity, 
as  the  wafer  resulting  from  the  melt- 
ing of  the  ice  has  the  greater  capacity 
for  heat.  It  seemed  to  be  satisfactorily 
shown  also,  that  it  could  not  be  derived 
fr  om  air,  and  the  same  conclusion  was 
drawn  from  these  experiments  that 
(Jount  Runiford  drew  from  his,  namely, 
that  heat  is  produced  by  motion  among 
the  particles  of  bodies. 


Having  thus  detailed  the  most  re- 
markable experiments  favourable  to 
both  of  the  prevailing  hypotheses  as  to 
the  cause  of  heat,  and  having  stated 
the  conclusions  drawn  from  them,  it 
may  be  useful  to  quote  the  opinions 
of  two  philosophers  who  think  diffe- 
rently on  the  subject,  and  place  them 
in  opposition  to  each  other. 

Dr.  Murray,  (System  nf  Chemistry, 
third  edition,  vol.  i.  page  468,)  after 
describing  the  hypothesis  upon  which 
heat  is  supposed  to  be  materiM.proceetls 
to  speak  of  the  other  in  the  following 
words: — "The  opposite  opinion,  that 
caloric  is  motion,  placing  it  on  the  same 
ground,  or  considering  it  as  an  hypo* 
thesis,  docs  not  afford  an  explanation  of 
those  phenomena  equally  satisfactory. 
The  most  general  effect  arising  from  the 
(meration  of  caloric,  is  expansion  ; but 
if  caloric  is  mere  motion,  or  vibration  of 
the  particles  of  the  heated  body,  how  is 
this  effect  produced  ? Vibration  is  the 
alternate  approximation  and  retroces- 
sion of  the  particles  ; but  from  this  state 
it  is  evident  that  no  permanent  and 
uniform  increase  of  volume  can  fake 
place.  Still  less  can  this  cause  account 
for  the  augmentation  of  volume  which 
accompanies  fluidity  and  vaporisation. 
MTien  water  is  converted  into  vapour, 
it  occupies  1800  times  the  space  w hich 
it  did  while  in  the  liquid  form.  Suppose 
vibration  increased  to  any  intensity,  it 
cannot  be  shown  how  it  can  permanently 
separate  the  particles  of  a body  to  such 
distances.  The  deficiencies  of  this  opinion 
are  likewise  evident  in  its  application  to 
other  phenomena.  The  laws  of  its  pro- 
pagation through  bodies  arc  different 
from  the  established  laws  of  motion. 
Were  they  the  same,  the  propagation  of 
caloric  ought  to  be  momentary  through 
elastic  homes,  and  should  be  more  or 
less  rapid  through  others,  according  to 
their  elasticity,  which  is  far  from  being 
the  case.  N either  is  any  cause  pointed 
out  why  it  should  be  so  slowly  trans- 
mittetl  through  liquids  or  airs.  We  are 
equally  unable  to  account  for  its  distri- 
bution in  bodies,  and  tlie  quantities  of 
it  required  to  produce  given  tempera- 
tures in  different  substances,  or  the 
portions  of  it  absorbed  when  bodies 
change  their  forms,  on  any  laws  it  could 
observe,  supposing  it  to  be  any  species 
of  motion." 

Dr.  Young  (in  his  Lectures  on  Natu- 
ral Philoso^y,  vol.  i.  page  653,)  pro- 
ceeds thus  with  the  diMussion  of  the 
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nature  of  heat,  “ a subject,"  says  he, 
“ upon  which  the  popular  opinion  seems 
to  have  been  lately  1^  away  by  veiy  su- 
perficial considerations.  The  facility 
with  which  the  mind  conceives  the  exist- 
ence of  an  independent  substance,  liable 
to  no  material  variations,  except  those  of 
its  quantity  and  distribution,  especially 
when  an  appropriate  name,  and  a place 
in  the  order  of  the  simplest  elements 
has  been  bestowed  on  it,  appears  to 
have  caused  the  most  eminent  chemical 
philosophers  to  overlook  some  insupe- 
rable difficulties  attending  tlie  hypotlio- 
sis  of  caloric."  In  another  part  of  the 
game  passage  he  remarks,  that  “ the  cir- 
cumstances which  have  already  been 
stated,  respecting  the  production  of  heat 
by  friction,  appear  to  afford  an  unan- 
swerable confutation  of  the  whole  of  this 
doctrine.  If  the  heat  is  neither  received 
from  the  surrounding  bodies,  which  it 
cannot  be,  without  a depression  of  Uieir 
temperatime ; nor  derived  from  tlic  quan- 
tity already  accumulated  in  the  bodies 
themselves,  which  it  could  not  be,  even 
if  their  capacities  were  diminished  in 
any  imaginable  degree  ; there  is  no  alter- 
aalive,  but  to  allow  that  heat  must  be 
actually  generated  by  friction ; and  if  it 
IS  generated  out  of  nothing,  it  cannot  be 
matter,  nor  even  an  immaterial  or  semi- 
material  substance.  The  collateral  parts 
of  the  theory  have  also  their  separate 
difficulties : uius,  if  heat  were  the  gene- 
ral principle  of  repulsion,  its  augmen- 
tation could  not  diminish  the  elastici^ 
of  solids  and  of  ) if  it  oonstitnted 
a continued  fluid,  it  could  not  radiate 
freely  through  the  same  space  in  diffe- 
rent directions  ; and  if  its  repulsive  par- 
ticles followed  each  other  at  a distance, 
they  would  still  wproach  near  enough 
to  each  other,  in  toe  focus  of  a burning- 
glass,  to  have  their  motions  deflgeted 
from  a rectilinear  direction." 

In  page  656,  the  same  author,  having 
drawn  a parallel  between  the  production 
of  heat  and  sound,  observes  that  “ all 
tlicsc  analogies  are  certainly  favourable 
to  the  opinion  of  the  vibratory  nature  of 
heat,  which  has  been  sufficiently  sanc- 
tioned by  the  authority  of  tlie  greatest 
philosophers  of  past  times,  and  of  the 
most  sober  rcasoners  of  the  present. 
Those,  however,  who  look  up  with  un- 
qualified reverence  to  the  dogmas  of  the 
modem  schools  of  chemistry,  will,  pro- 
bably, long  retain  a partiality  for  the 
convenient,  but  supeificial  and  inaccu- 
"ate,  modes  of  reasoning,  which  have 


been  founded  on  the  favourite  hypothe- 
sis of  tlie  existence  of  caloric  as  a sepa- 
rate substance  ; but  it  may  be  presumed 
that,  in  the  end,  a carefiu  examination 
of  the  facts,  which  have  been  adduced 
in  confutation  of  that  system,  will  make 
a sufficient  impression  on  the  minds  of 
the  cultivators  of  chemistry,  to  induce 
them  to  listen  to  a less  objectionable 
theory."  The  question,'  therefore,  re- 
mains undetermined  ; and  it  is  fortunate 
tliat,  most  of  the  phenomena  connected 
with  the  operation  of  heat,  may  be  ex- 
plained equally  well  upon  either  theoiy. 
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Chapter  III. 

Qf  Eiqxmsion  of  Bodies  by  Heat. 

The  most  general  effect  produced  by 
heat  upon  bodies  to  which  it  is  anplieif, 
is  the  eidargemcnt  of  their  bulk.  Solids, 
fluids,  and  airs,  all  expand  on  being 
heated,  and  contract  when  they  are 
cooled.  Some  useful  processes  of  ai  t 
and  several  important  operations  of  na- 
ture depend  upon  this  law. 

The  expansion  of  solids  may  readily 
be  proved  by  simple  and  convincing 
experiments. 

Ex.  A cylindri-  % 

cal  piece  of  brass 
o,(>W-l,)  having  a 
handle  adapted  to 
if,  is  fitted  to  aflat 
piece  b,  so  tliat  it 
may  just  pass 
through  the  large 
notch  lengthwise, 
and  by  its  ends 
go  through  the 
round  hole : when 
heated  in  the  fire 
it  will  be  too  long 
to  pass  in  one  di- 
rection, and  too 
thick  to  pass  in 
the  other.  Hav-  _ 

ing  become  cold,  it  will  again  fit  and 
pass  through,  as  before. 

Ex.  An  iron  ball,  adapted  to  a ring 
of  the  same  metal,  so  as  to  pass  through 
when  cold,  will  be  too  large  to  pa.ss 
when  heated;  when  cooled  again  it 
will  pass  as  before. 

If  the  relative  degrees  of  expansion 
which  different  bodies  undergo  at  low 
temperatures,  arc  to  be  ascertained,  the 
instrument  (Jig.  2)  called  a pyrometer, 
or  some  similar  one  must  be  used. 

Ex.  A rod  of  any  metal  or  other 


itibslance,  a,  the  expansion  of  which  is 
to  be  tried,  is  laid  upon  the  rest, 
touching  an  immoveable  screw  at  one 
end,  and  the  moveable  index  at  the 
other : as  soon  as  the  heat  of  the  mint- 
lamp  fc  is  applied,  the  substance,  if  it  is 
a very  expansible  one,  will  berin  to  ex- 
pand, and  its  comparative  degree  of 
expansibility  will  be  shown  by  the  dis- 
tance to  which  the  index  c moves  along 
the  graduated  part  of  the  instrument  a. 


In  comparing  different  substances  to- 
gether  with  Uiis  instrument,  it  will  be 
necessary  to  make  all  tlie  rods  of 
the  same  sixe,  and  to  apply  the  heat 
of  the  lamp  the  same  lengtli  of  time 
to  each. 

The  following  Tablk  of  the  “ lineal 
dilatation  of  solids  by  heat,"  is  taken 
from  Dr.Ure'sZhWiona;^  o/C/iemiifry, 
and  is  probably  tlic  most  correct  ex- 
tant. 


Dimensiont  which  a har  takes  af  212°  whose  length  at 
l.OUOOOO. 


32°  is 


Glass  tube  Smeaton  

Do Key  

Do lie  laic's  mean. 

Do Dulong  and  Petit . 


1 .00083.SS.S 

i.ooonflis 

1.0008281)0  I As 


Plate  glass 


Do. 

Do. 


do. 

do. 


Do.  and  gloss. 


Cast-iron  prism  . 


Steel  not  tempered. . • 
Do.  do.  do. 

Do.  tempered  yellow. 
Do.  do.  do 


Lsavoisler  and 

Laplace  . • • ■ 

1.00081I86  tAs 

Do. 

do.  .... 

l.0008»0890rAt 

Do. 

do.  .... 

1.U0087573 

rAt 

Do. 

do.  f... 

1 .00089760 

is'is 

Do. 

do.  . . • • 

1.0009I75I 

Roy 

1.00080T87 

Do.  at  glass  • 

Borda  

I.000856.S5 

Duloni^  and  Petit 

I.00U88I20  I At 

Trou^hton.  a . 

I. 00099180 

Berthoud  . . . 

l.OOMOOOO 

Wollaston. . . 

1.00100000 

Smeaton  » » . 

1.00108S0U 

Roy 

l.OOi 10910 

laaroisier  by  Dr.  Yoiioe*.#. 

1.001  in  It 

Troughton  . 

I.00MS990 

Roy  

I.001I44TO 

Phil.  Trans.  IT95,  428  .... 

I.O0II230O 

Smeaton  . . . 

1 .0011.3000 

Lavoisier  and  Laplace  •••• 

1.00107875 

sir 

Do. 

do.  «... 

1.001079.36 

fii 

Do. 

do.  . . • . 

1.00186900 

Do. 

do.  .... 

1.00IS8600 

Do. 

do.  .... 

I.0019S956 

■iy 

Troughton.  • • 

1.001189 80 

Smeaton 

. 1.00122 SOO 
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Tabie — ( contt  nued.) 


A^nnf'akd  steel  

Tempered  sleul  

Iron  

Do 

Sofi'fnr^ed  iron 

Round  iron,  wire-drawn  

Iron  wire 

Iron 

Rismulh  

Annealed  gold  

Gold 

Do.  procured  by  parting 

Do.  Paris  standard  unannealed  

Do.  do.  annealed  

Copper  

Do.  

Do 

Do 

Do 

Rrass  

Do 

Do 

Brass  scale,  supposed  from  Hamburgh  . 

Cast  brass  

bnglisb  plate  brass,  in  rod  

Do.  do.  in  a trough  form. . 

Brass  

Brass  wire 

Brass  •» 

Copper  8,  tin  1 

Silver 

Do 

Do 

Do.  of  cupel  

Do.  Pahs  standard  * . 

Silver * 

Brass  16,  tin  1 

Speculum  metal 

Speller  solder;  brass  9,  zinc  I 

Tklolacca  tin  * 

Tin  from  Falmouth  . . • 

Fine  pewter  

Crain  tin 

Tin  

Soft  solder;  lead  2,  tin  1 

Xinc  8,  tin  1,  a little  hammered 

Ix^fld  

Do 

Zinc 

Zinc,  hammered  out  half  inch  per  foot 

Glass  from  89^  to  912^ 

Do.  from  219^  to  892® 

Do.  from  392®  to  572® 


Muschenbrock * 

. 1.00199000 

Do 

. 1.001S7000 

Borda  

. 1.00115600 

Smeaton  

. 1.00125800 

Lavoisier  and  Laplace  •• 

. I.00I2204S 

Do.  do. 

. 1.90123504 

Trougbton  

• 1.0OU10I0 

Dulong  and  Petit 

. 1.00118203 

fis 

Smeaton  

. 1.00139900 

Muschenbrock. . ..  

. l.OOUBOOO 

Kllicot,  by  comparison  .. 

. 1.00150000 

Lavoisier  and  I.aplace  .. 

. 1.00140606 

sir 

Do.  do. 

. I.0015SI5S 

Do.  ' do.  . . 

. I.00ISI36I 

lii 

Muachenbroek 

. 1.00I9I00 

I.avoisier  and  I,aplace  . . 

. 1. 0017224 1 

sir 

Do.  do.  • » 

. I.00ITI222 

Ui 

Troughton  

• 1.00191880 

Dulong  and  Petit 

. 1.00171821 

X&f 

Borda  

. 1.00178800 

I^avoisicr  and  Laplace  . • 

. 1.00180671 

Do.  do. 

. 1.00188971 

Roy  

. I.O01S55I0 

Smeaton  

. 1.00187500 

Ro,  

. 1.00189980 

Do 

. 1.00180190 

Troughton  

• 1.00191880 

Smeaton  

• > 1.00199000 

Muschenbrock. . ........ 

. 1.00916000 

Smeaton  

. 1.00181700 

Herbert*. 

. 1.00189000 

Ellicot,  bv comparison. . • . 

. 1.0021000 

Musebenbroek 

. 1.00212000 

Lavoisier  and  Laplace  . . 

. 1.00190971 

Do.  do.  •. 

. 1.00190868 

lit 

Troughton  

. 1.0020826 

Smeaton  

. 1.00190800 

Do 

. 1.00193300 

Do 

. 1.00205800 

Lavoisier  and  Laplace  . . 

. 1.00198765 

xli 

Do.  do. 

. 1.00217998 

xii 

Smeaton  

. 1.00228.900 

Do 

. 1.00218.900 

Musebenbroek 

. 1.0028  1000 

Smeaton  

. 1.00250800 

Do 

. 1 00969200 

I^avoisier  and  Laplace  • . , 

. 1.00984836 

sir 

Smeaton  

. 1.00986700 

Do 

. 1.00994200 

Do 

. l.DOSOMOO 

Dulong  and  Petit 

. 1.00086130 

TT*n 

Do.  do 

..  1.00091897 

TS^f 

Do.  do 

..  \ .OOOlOllliUi 

Note.—**  The  last  two  measurements  by  an  air  thermometer." 

“ To  obtain  (he  expansion  in  volume,  multiply  the  above  decimal  quantities  by  8,  or 
divide  the  denominators  of  the  vulgar  fractions  by  3 ; the  quotient  in  either  case  is  the 
dilatation  sought." 

**  We  see  that  a condensed  metal,  the  particles  of  which  have  been  forcibly  approxi- 
mated by  the  wire-drawing  process,  expands  more,  as  might  be  expected,  than  metals  in 
a looser  state  of  aggregation." 


It  would  appear  from  the  foregoing 
table,  that  in  many  instances  there  is  a 
relation  l)ctween  the  expansion  or  en- 
largement of  metals  and  their  fusibility, 
or  disposition  to  melt,  as,  in  general, 


those  which  are  most  fusible  arc  also 
the  most  expansible. 

Advantage  is  taken  by  some  artizans 
of  the  expansion  of  solid  bodies  by  heat. 
The  parts  of  large  vessels  for  holding 
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flui<Is,  such  as  are  used  by  brewers 
and  other  manufacturers,  are  firmly 
oound  together  by  strong  iron  hoops  ; 
these  hoops,  which  are  at  first  made 
too  small  to  fit,  are  heated  until  they 
are  sutficiently  enlarged  ; they  are  then 
driven  on,  and  suddenly  cooled,  by 
throwing  water  upon  them ; the  con- 
traction of  the  iron,  which  ensues  on 
cooling,  brings  the  parts  of  the  vessels 
into  closer  contact  than  they  could 
easily  be  brought  by  other  means,  and 
fixes  the  hoops  firmly  round  them. 

The  parts  of  carriage  wheels  are 
bound  together  in  a similar  way  ; the 
iron  band,  or  tire,  is  made  a little  smaller 
than  the  circumference  of  the  wooden 
part  of  the  wheel : being  put  on  while 
It  is  enlarged  by  heat,  it  is  suddenly 
cooled,  and  by  its  contraction  binds  the 
parts  of  the  compound  wheel  together 
with  gieat  force. 

The  force  with  which  metals  expand 
when  heated,  and  contract  when  cooled, 
is  capable  of  overcoming  powerful  re- 
sistance. This  may  be  illustrated  in  re- 
gard to  contraction,  by  an  experiment 
which  succeeded  some  years  since  at 
the  Conservatoire  dee  Arts  ei  Metiers, 
in  Paris.  Ttie  two  side  walls  of  a gallery 
at  that  place,  having  lieen  pressed  out- 
wards by  the  weight  of  the  floors  and 
roof,  M.  Molard  proposed  making  seve- 
ral holes  in  the  walls,  opposite  to  each 
other,  through  which  strong  iron  bars 
were  introduced  so  as  to  cross  the 
apartment,  their  ends  projecting  out- 
side the  walls.  Strong  circular  plates 
of  iron  were  screwed  on  to  these  pro- 
jecting ends.  The  bars  were  then 
heated,  by  which  their  ends  were  made 
to  project  farther  beyond  the  walls,  per- 
mitting the  circular  iron  plates  to  be 
advanced,  which  they  were  until  they 
again  touched  the  walls.  The  bars,  on 
cooling,  contracted,  and  drew  the  wall? 
which  were  receding  fi"om  each  other, 
closer  together.  This  process  being  seve- 
ral times  repeated,  tlie  walls  were  made 
to  rc-assume  their  proper  perpendicular 
position,  and  might  easily  have  been 
curved  inwards,  by  the  application  of 
the  same  means. 

The  sudden  expansion  of  bodies  by 
heat  occasions  some  effects  which  re- 
quire to  be  guarded  against.  Thus, 
glass  is  very  Uable  to  break  when  heat 
IS  applied  to  it,  on  account  of  the  un- 
equal expansion  which  is  occasioned. 
Glass  being  a bad  conductor  of  heat, 
when  one  surface  of  any  vessel  or  plate 
of  this  substance  has  its  temperature 


suddenly  raised,  that  surface  is  ex- 
panded, but  the  heat  not  Demg  able  to 
pass  quickly  through  to  the  other  sur- 
Utce,  that  part  is  not  at  all  or  but  very 
little  expanded,  and  the  unequal  expan- 
sion of  the  two  surfaces  occasions  the 
glass  to  break.  From  what  has  been 
said,  it  will  appear  tliat  there  is  most 
danger  where  the  glass  is  very  thick : 
boiling  water  may  be  poured  into  a very 
thin  glass  vessel  without  danger,  be- 
cause the  heat  passes  through  thin  glass 
in  time  to  make  both  its  surfaces 
stretch  equally.  Looking-glasses  have 
often  been  broken  by  heating  one  sur 
face  with  a candle  or  lamp  ; and  elec- 
trical-machine plates  have  many  times 
been  destroyed  by  setting  them  before 
a fire,  one  surface  being  expanded  by 
the  heat  of  the  fire,  while  the  other  is 
probably  contracted  by  a current  of 
cold  air  rushing  towards  the  fire  ; the 
inequality  of  temperature  producing  in- 
equality of  expansion,  occasions  the 
glass  to  crack  with  considerable  noise. 
So  cold  showers  of  rain  and  warm  sun- 
shine succeeding  each  other,  occasion 
loss  in  sky-light  windows. 

■ Other  brittle  substances  are  liable  to 
similar  accidents  from  the  same  cause  ; 
heated  plates  of  cast  iron  are  very  liable 
to  be  broken  by  suddenly  pouring 
cold  water  upon  them. 

The  expansion  and  contraction  oc- 
casioned by  variations  of  temperature 
in  the  meftds  forming  the  pendiUums  of 
clock.s,  and  the  balance-wheels  of 
watches,  have  been  found  to  occasion 
great  irregularities  in  the  movements  of 
these  machines.  The  rate  of  going,  in 
common  clocks,  depends  upon  the 
length  of  the  pendulum.  When  the 
pendulum  is  lengthened,  by  heat  or  any 
other  cause,  the  clock  goes  slower  ; and 
when  it  is  shortened  the  motion  is 
quickened.  The  ball  of  a pendulum  that 
vibrates  seconds,  being  lowered  one 
hundredth  part  of  an  inch,  the  clock 
will  lose  ten  seconds  in  twenty-four 
hours.  By  the  foregoing  table  of  ex- 
pansion, it  may  be  found  that  a seconds 
pendulum,  the  length  of  which  is 
39.13929  inches,  will  be  lengthened  by 
an  increase  of  temperature  equal  to  3u' 
of  Fabrenheit's  scale,  iJjth  part  of  an 
inch,whichwill  occasion  an  error  of  eight 
seconds  in  twenty-four  hours.  Various 
contrivances  have  liecn  introduced  for 
the  purpose  of  remedying  these  defects, 
by  making  the  expansibility  of  some 
metals  counteract  that  of  others. 

The  first  of  these  was  tlie  invention  ot 
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Oraham,  and  conaisted  in  substituting 
for  the  usual  bob  of  the  pendulum,  a 
glass  cylinder,  ahput  six  inches  deep, 
holding  about  ten  or  twelve  pounds  of 
mercury.  When  the  suspending  steel 
rod  expanded  by  heat  so  as  to  lengtlien 
the  pendulum,  the  mercury,  by  its  ex- 
pansion, raised  the  centre  of  oscillation 
as  much  as  the  increased  length  of  the 
steel  rod  occasioned  it  to  be  depressed. 
But  the  plan  most  usually  adopted  for 
clocks,  is  ttie  invention  of  Harrison,  and 
is  called  tlie  gridiron  pendulum ; it 
consists  of  a combination  of  bars,  three 
of  which  are  of  steel,  and  two  com- 
{lounded  of  zinc  and  silver.  These 
are  so  arranged,  and  the  weight  is  sus- 
pended in  such  a way,  that  tlie  expan- 
sion occasioned  by  heat  in  the  steel  is 
counteracted  by  the  expansion  of  tlie 


other  metal,  so  as  to  keep  the  pendulum 
always  of  the  same  length. 

The  contrivance  applied  by  Arnold  to 
watches,  for  the  puipose  of  preventing 
the  injurious  effects  of  expansion  and 
contraction,  is  upon  the  same  principle, 
and  is  called  the  conwemation  balance 
in  the  construction  of  which,  interruiited 
concentric  rings  of  different  metals  are 
joined  togeUier,  so  that  the  expansion 
of  one  counteracts  the  expansion  of  the 
otlier. 

The  expansibility  of  fluids  by  heat  is 
still  greater  tlian  that  of  solids,  and  the 
differences  which  they  exliibit  among 
tliemselves  are  more  striking.  Mer- 
cury does  not  expand  so  much  as  water, 
water  net  so  much  as  spirit  of  w ine,  and 
spirit  of  wine  is  not  so  expansible  as 
ether. 


The  follotringTABLE  of  the  erpanrione  produced  in  Uquide  by  being  heated  from 
2 IS°  <•  from  Dr.  Ure’s  Dictionary  of  Chemistry. 


Mercury...,, ,... Dalton  

Do Ixird  Qiarles  Cavendish  . . . , 

Do Deluc 

Do General  Hoy  

Du Sliuckbuigh  

Du Lavoisier  and  T.apInco 

Do Ilaellstroem  ,,.. 

Do....  Dulong  and  Petit 

Do Do.  from  2 1 9<>  to  S09»  .... 

Do Do.  horn  S92'=  to  S72° 

Do Do.  in  Glass  from  S2°  to  2 1 2° 

Do Do.  Do.  from  9 1 2^  to  392^ 

Do Do.  Do.  from  302°  to  572° 


fKirwain,rromS9°itsmaxi-'l 

" I mum  density  | 

Muriatic  Acid  (sp.  gr.  1. 137.)  ,, -I . ..  Ltalton* 

Nitric  Arid  (sp.  gr.  MO) Do 

Sulphuric  Acid  tsp.  gr.  1.33) Do 

Alcohol  . . . . Do.  

Water Do 

Water  saturated  with  common  salt. . ..  Do 

Sulphuric  iCther  Do...  

Fixed  Oils Do 

Oil  of  Turpentine Do.  ^ 

Water,  saturated  with  common  salt  . . Hobison 


0.0211000 

0.018870 

0.018000 

0.017000 

0.01851 

0.01810 

0.0181800 

0.0180180 

0.01813.31 

0.0188700 

0.015132 

0.015080 

0.0158280 

0.04332 

0.0800 

O.IlOO 

o.ocno 

0.1100 

0.0180 

0.0500 

0.0700 

0.0800 

0.0700 

0.05198 


32°  rt 

iV 

I's 

t'i 

A 

1*1 

u'ts 

1*1 

Sl-'tS 

tr.'ii 

fs 

fVi 

is.'ta 

ii.'ii 

si-'ss 

I*T 

i 

S*T 

i 

S*I 

A 

11*1 

s*i 

I*S 


Er.  The  expansion  of  a liquid  may 
be  strikingly  shown,  Ity  filling  a glass 
bulb,  having  a long  tube  attacned  to  it, 
with  the  liquid,  so  that  it  may  rise  a 
small  part  of  the  way  upwards  in  the 
tube ; the  bttlb  being  set  upon  a stand, 
and  heat  applied  under  it,  the  bulk  of 
the  liquid  will  be  etilargeil,  as  will  be 
seen  bv  its  rising  higher  in  the  tulte. 
This  eflect  is  produced  notwithstanding 
the  expansion  of  the  glass  which  occa- 
sions its  capacity  to  be  enlarged. 

Ex.  Or  tlie  expansion  of  water  maybe 


shown  by  partly  filling  a bulb  and  tulxr, 
like  that  desenbed  in  the  last  experi- 
ment, with  eoloured  water : immersion 
in  a jar  of  hot  water  will  occasion 
the  water  contained  in  the  bulb  and 
tulte  to  expand  and  ascend  higher. 

(Fjg-  3-J 

Those  liquids  are  the  most  expansi- 
ble which  requu-c  the  least  heat  to  make 
them  boil. 

Er.  Equal  quanties  of  heat  applied  to 
liquids  do  not  occasion  eriual  degrees 
of  expansion : this  may  Ite  sftown  by  ap- 
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plym;;  the  heat  of  a iipirit  lamp  to  a 
liquid  contttineil  in  a bulb,  such  as  de- 
scribed in  the  last  experiment,  differing 
only  in  having  its  tube  divided  into  k 
number  of  equal 

Earts.  The  num- 
er  of  divisions  past 
which  the  liquid 
rises  in  the  first  five 
minutes  having  been 
observed,  the  same 
heat  applied  during 
five  minutes  more 
will  occasion  a 
greater  expansion ; 
and,  consequently, 
tlie  liquid  rising  in 
the  tube  will  pass  by 
a greater  number  of 
divisions  in  the  se- 
cond tlian  it  did  in 
the  first  five  minutes. 
Every  successive 
portion  of  heat  ap- 
pUed  produces  an  in- 
creased effect,  until 
the  water  arrives  at 
' the  boiling  point.  In 
explaining  tliis  fact,  it  is  said  that  the 
particles  of  the  fluid  have  existing 
among  them  a certain  force  of  cohesive 
attraction,  which  resists  the  expansive 
effects  of  heat  j the  first  portions  of  heat 
applied  having  most  of  this  resistance 
opposed  to  them,  their  effeots  are  pro- 
portionably  lessened ; wliile  succeeding 
quantities,  having  less  resistance  to 


overcome,  produce  increased  degrees  o, 
expansion.  The  irregularities  in  the 
expansion  of  quicksilver  are  less  than 
those  of  any  other  fluid. 

Uount  Kumford  ascertained  the  con- 
traction of  water  for  every  g Jl®  in  cool- 
ing from  2ia‘’  to  32“.  tlie  results  being 
as  follows : — 


la  Cooling  SSJo  from  318»  or  to  IftOJ  18  pari*. 


1S'.U 

1117 

m* 

ISS 

& 

77 

Sli 


li'7 

1111 

tvs 

H 

611 

38 


16.8 

13.8 

11.6 

8.3 

7.1 

3,!> 

0.8 


The  very  great  irregularity  at  the 
bottom  of  the  table  will  be  adverted  to 
in  considering  tlie  remarkable  pecu- 
liarity of  water  Iiy  which  it  is  occa- 
sioned. It  appears  by  the  above  table, 
that  the  expansion  occasioned  by  beat- 
ing water  221°  ne.arcst  the  boiling 
point  is  almost  five  times  as  great  as 
IS  produced  by  the  heating  it  221° 
&om  about  the  natural  medium  tempe- 
rature. 


De  Luo  tried  the  relative  expansibili- 
ties of  a number  of  different  liquids,  by 
putting  them  into  thermometer  lubes  : 
the  scale  which  he  used  was  that  of 
Reaumur,  upon  which  80°  indicates  the 
boiling  point  of  water,  and  0°  the  melt- 
ing jioint  of  ice.  The  results  are  ex- 
pressed in  tlie  following  Taulk,  to 
which  are  added,  by  Dr.  Ure,  tlie  cor- 
responding indications  according  to  the 
Centigrade  and  Fahrenheit  Thermo- 
meters. 


j Mercary. 

oiiv« 

Oil 

Ks.  Oil 
ofCha. 
tDOinile. 

Oil  of 

Alcohol. 

Brine. 

Water. 

R. 

Cent. 

Pabr. 

Thjrtae. 

80* 

100° 

81»° 

80° 

80° 

80° 

80° 

80° 

80* 

75 

933 

SOO3 

71.8 

74.7 
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There  are  a few  parlial  execjifions  to 
the  expansion  of  bodies  by  heat,  and 
their  contraction  by  cold,  of  which  water 
resents  the  most  remarkable.  This 
uid  contracts  in  cooling  until  it  arrives 
at  a certain  point,  and  then  expands  as 
if  heat  were  applied.  This  property  of 
water  was  first  observed  by  the  Florentine 
Academicians,  in  cooling  a thermometer 
glass,  filled  with  water,  by  immersion  in 
a mixture  of  ice  and  salt ; but  De  Luc 
afterwards  investigated  the  subject,  and 
considered  the  greatest  density  of  the 
water  to  be  attained  when  it  arrived  at 
40’,  as  it  ceased  to  contract  from  that 
point,  although  the  cooling  process  con- 
tinued ; on  the  contrary,  expansion  was 
found  to  result  both  from  the  addition 
and  the  abstraction  of  heat,  after  the 
water  arrived  at  the  above-mentioned 
temperature.  Sir  Charles  Bladen  and 
Mr.  Gilpin  discovered  that  De  Luc  had 
omitted  to  make  the  proper  correction 
for  the  expansion  of  the  glass ; which, 
when  they  had  done,  they  found  that 
water  arrives  at  its  greatest  density  on 
being  cooled  to  39’  of  Falirenheit.  Dr. 
Hope  considers  the  greatest  density  to 
be  at  39°  5',  and  the  French  chemists  at 
40°.  Taking  the  temperature  at  which 
tlie  greatest  density  occurs  to  be  40°,  the 
density  of  water  at  48°  and  32°  will  be 
the  same. 

It  was  ascertained  by  the  experiments 
of  Sir  Charles  Blagdra,  Mr.  Dalton, 
and  M.  Gay-Lussac,  tliat  the  expansion 
of  water  continues  below  32°,  when  it 
is  cooled  lower  than  that  temperature 
w ithout  fi^eiing ; and  it  was  expanded  as 
much  in  some  of  the  experiments  al- 
luded to,  as  it  would  have  been  if  heated 
to  75°. 

The  enlargement  of  bulk  occurring  in 
water  as  it  cools,  from  40°  to  the  frwz- 
ing  point,  was  ascribed  by  Hooke,  and 
afterwards  by  Dalton,  to  the  contrac- 
tion of  the  glass  vessels  which  contain 
the  water  used  in  the  experiments.  That 
the  bulb  of  a thermometer  used  in  such 
experiments  does  contract  by  being 
cooled,  contributing  in  some  measure  to 
raise  the  liquid  in  the  tube,  cannot  be 
doubted,  but  from  other  experiments 
and  considerations  yet  to  be  stated,  it  ap- 
pears certain  that  water  expands  on  cool- 
ing, independently  of  the  contraction  of 
tlie  vessel  in  which  it  is  contained. 

Dr.  Hope  filled  a glass  jar,  8J  inches 
deep  and  4J  inches  wide,  with  water  at 
32°;  one  thermometer  was  suspended 
nearly  in  the  axis,  with  its  bulb  about 
half  an  inch  from  the  bottom,  and  ano 


ther  at  the  same  distance  from  the  sur- 
face of  the  fluid.  The  jar  being  ex- 
posed to  a temperature  of  C0°,  gradually 
rose  to  38°,  during  which  increase  of 
temperature  the  lower  thermometer  was 
at  least  one  degree  higher  than  the  ther- 
mometer at  the  surface,  which  indicated 
that  the  density  of  the  water  must  have 
increased  along  with  its  temperature ; 
for  if  the  water  had  expanded  with  the 
increase  of  heat,  it  would  have  ascended 
to  the  surface,  and  the  uppermost  ther 
mometer  would  have  had  its  temperature 
the  most  raised.  In  cooling  water  to 
32°,  the  temiierature  of  the  thermometer 
neai-  the  bottom  of  the  jar  was  still 
found  to  be  higher  than  the  upper  one. 
While  water  is  cooling  to  4 0°,  its  cold- 
est particles  are  always  at  the  bot- 
tom ; but  when  it  arrives  at  40°,  it  re- 
mains there  until  the  whole  of  the  fluid 
arrives  at  the  same  point ; and  then  in 
cooling  lower,  the  colder  particles  col- 
lect at  the  surface,  those  at  tlie  bottom 
being  four  degrees  warmer. 

These  experiments  of  Dr.  Hope 
prove  that  water  is  most  dense  at  a 
considerable  number  of  degrees  above 
the  fizzing  point,  and  tliat  it  exjiauds 
as  it  cools  to  that  point. 

The  expansive  force  of  water  on  freez 
ing  is  well  known,  ns  water-pipes  and 
vessels  filled  with  it  are  often  burst 
by  its  force.  Even  in  our  bed-rooms, 
in  very  cold  weather,  water-bottles  are 
frequently  broken,  if  they  be  quite  full 
of  water,  and  have  such  narrow  necks 
as  to  prevent  the  free  expansion  of  the 
fluid  m freezing.  The  flat  stones  of 
pavements  are  frequently  raised  out  of 
their  places  by  the  freezing  of  the  water 
beneatli  them,  trunks  of  trees  are  split, 
and  rocks  are  rent  asunder  by  the  same 
force.  The  agency  of  frost  is  very  bene- 
ficial in  occa-sioning  the  substance  of 
rocks  and  of  soils  to  moulder  to  powder, 
thereby  fitting  them  better  for  the  pur- 
poses of  vegetation.  A strong  brass 
globe,  the  cavity  of  which  was  only  one 
inch  in  diameter,  was  used  by  the  Flo- 
rentine Academicians,  for  the  purpose 
of  trying  the  expansive  force  of  conge- 
lation, by  which  it  was  burst,  although 
the  force  required  was  calculated  to  ex- 
ceed 27, 720lbs.  Experiments  were  tried 
by  Major  Williams,  at  Quebec,  in  one 
of  which  an  iron  plug,  nearly  3lbs.  in 
weight,  was  projected  from  a bomb-shell 
to  the  distance  of  415  feet ; and  in 
another,  tlie  shell  was  burst  by  the  freez- 
ing of  the  water  wliich  it  contained. 

Several  attempts  have  been  made  to 
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explain  the  expansion  of  watei  in  freez- 
ing; the  most  plausible  of  which  is, 
that  given  by  De  Mairan,  who  supposed 
that  the  particles  when  they  cryst^lize 
and  assume  the  solid  state,  have  a ten* 
dency  to  unite  by  certain  sides  in  pre- 
ference to  others,  arranging  themselves 
so  as  to  form  right  hncs  at  determi- 
nate angles.  This  arrangement  of  the 
particles  requiring  more  space,  and 
leaving  numerous  vacuities,  the  bulk 
of  the  whole  must  necessarily  be  en* 
larged. 

The  most  important  effects  result  from 
the  remarkable  property  of  water  which 
has  been  described.  If  the  density  of 
water  continued  to  decrease  until  it  ar- 
rived at  the  h^ezing  point,  ice  would  be 
heavier  than  water,  and  as  soon  as 
formed  would  subside  to  the  bottom  in 
successive  flakes,  until  the  whole  of  the 
water,  however  deep,  should  become 
solid.  The  effects  of  such  an  arrange- 
ment can  easily  be  conceived.  Climates 
which,  according  to  the  present  state  of 
things,  are  the  delightful  abodes  of  in- 
numerable animated  beings,  would  be 
rendered  unfavourable  to  their  existence, 
and  must  inevitably  become  dreary  and 
desolate.  On  the  contran,  since  water 
expands  previously  to  its  freezing,  ice  is 
lignter  than  water,  and  floats  upon  its 
surface,  protecting  the  water  below  from 
the  influence  of  frost. 

Aiiriform  bodies  in  their  expansion 
differ  from  solids  and  fluids,  in  being 
uniformly  affected  by  the  same  quan- 
tities of  neat  applied  to  tliem  at  all  tem- 
peratures, which  is  thus  explained.  The 
attractive  force  that  exists  m solids  and 
fluids  resisting  the  expansive  effect  of 
heat,  the  first  portions  applied  have 
most  of  this  resistance  opposed  to  them, 
and  therefore  produce  less  expansion 
than  succeeding  portions,  which  have 
less  resistance  to  contend  with ; but  as 
there  is  no  cohesive  attraction  existing 
among  the  particles  of  aeriform  bodies, 
there  is  no  resistance  opposed  to  the 
expansive  power  of  heat  upon  them ; 
and  consequently  all  of  them  undergo 
the  same  degrees  of  expansion  with  the 
same  degrees  of  heat;  and  the  same 
effect  is  produced  upon  all  of  them  by 
equal  quantities  of  neat  applied  at  aU 
different  temperatures. 

The  followingTABLK  gives  llie changes 
of  bulk  produced  upon  100,000  parts  of 
air,  by  every  additional  degree  oi  Fahr- 
enheit, from  32'’  to  100;  and  by  every 
additional  ten  degrees  afterwards  to 
210’. 


Temp.  Dulk.  Tem}!.  Balk.- 

.S3  100,000  7.1  108/.V3 

SI  100,208  71  lOn.TiO 

S^  100,116  75  JOS, on 

S5  100,624  76  109,? '>2 

86  100,833  77  100.160 

37  101,010  78  100,. *>68 

88  101,218  79  109.776 

39  101,459  80  109.984 

40  101,666  81  110.192 

41  101,872  82  110,100 

42  102,080  83  110,608 

43  102,290  8(  1:0,8I6 

41  102,196  85  111,021 

45  102,708  86  111,2.12 

46  102,916  87  111,110 

47  10.1.124  88  111,618 

48  103,13.3  89  111,856 

49  103,536  90  112, 06( 

50  103,719  91  112,272 

51  103,952  92  112,180 

52  104,166  93  112,888 

58  101..368  91  112,896 

54  101,576  95  113.101 

55  104.791  9G  113,312 

56  101,992  97  11S..520 

57  105,200  98  113,728 

58  105,408  99  113,936 

59  105,616  100  111.141 

60  105,821  no  116,221 

6!  106,032  120  118.10 1 

62  106,210  ISO  120,381 

63  106,118  MO  122.164 

61  106.656  150  121,511 

65  106,864  160  126,621 

66  107,072  170  128.701 

67  107.280  180  180,78 1 

68  107.188  190  132,861 

C9  107, 6J6  200  131,911 

70  107,901  210  137.021 

71  108,112  I 212  137,110 

72  108,820 

E.r.  Tlie  expansion  of  air  may  be 
pleasingly  illustrated  by  a simple  appa- 
ratus, such  as  is  shown  nt/tg,  4. 
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The  bulb  with  the  lone  lube  a,  fiill  of 
Kir,  has  its  open  end  phineed  in  the 
jar  of  water  A ; the  heat  of  the  spirit 
lamp  c beine  n))plied,  the  air  will  be 
expanded  by  the  heat,  and  a portion  of 
it  will  be  expelled ; it  will  rise  through 
the  water  of  the  jar  and  escape  : the 
lamp  beinp  removed,  us  soon  as  the 
remaining  air  cools,  it  will  contract  to 
its  original  bulk,  and  the  pressure  of 
the  air  on  the  surface  of  the  water  in 
the  jar  will  force  w.ater  up  into  the 
bulb  with  great  velocity,  and  tlie  q^uan- 
tity  of  water  that  enters  the  bulb  wiU  be 
djual  in  bulk  to  the  air  expelled. 

Convincing  demonstrations  of  the 
power,  wisdom,  and  goodness  of  Pro- 
Tidence  are  obtained  by  watching  the 
silent,  and  often  unobserved,  but  irresis- 
tible agency  of  heat,  in  the  distribution 
of  temperature  over  the  globe.  Some 
examples  of  this  may  be  adduced. 

The  surface  of  the  earth  in  many 
parts  of  the  world  would  be  excessively 
and  injiuiously  heated  by  the  sun's  rays, 
if  means  were  not  provided  for  with- 
drawing portions  of  this  heat.  The 
transparent  air  not  being  heated  in  the 
same  degree  by  the  influence  of  the  sun, 
and  there  being  a strong  tendency  to  an 
equilibiium  in  heat,  the  stratum  of  air 
nearest  to  the  earth  receives  a portion 
of  its  excessive  heat ; in  consequence  of 
which  it  is  expanded,  and  rendered 
lighter  tlian  the  less  heated  air  above, 
and  must  therefore  a.sccnd,  since  it  is  a 
law  of  nature  that  light  fluids  ascend 
through  heavier;  anolher  portion  of 
colder  air  descends  to  the  surface  of  the 
earth,  and  is  wanned,  and  made  to  as- 
cend. Tims  the  earth  is  cooled,  and 
refreshed  by  the  agency  of  air,  the  heatetl 
particles  of  which  are,  by  the  principle 
of  expansion,  enabled  to  ascend  into  the 
higher  regions  of  the  atmosphei  c ; from 
whence  they  are  wafled  away  to  colder 
climates,  to  mitigate  the  extremes  of  the 
aeasons  Oiere. 

Agiiin,  cold  air  flowing  over  llie  sur- 
face of  tlie  ocean,  from  polar  regions 
towards  the  equator,  is  very  much 
warmed  in  its  progicss;  if  it  were  not, 
the  climate  th.at  we  inhabit  would  be 
less  genial  than  it  is.  As  the  water  of 
the  oce.an  docs  not  freeze,  except  in  very 
high  latitudes,  it  is  considerably  warmer 
than  the  air  which  passes  over  it.  On 
account  of  the  strong  tendency  to  an 
equilibrium,  before  mentioned,  the  air 
wnich  is  nearest  to  the  water  receives  a 
portion  of  the  heat  which  the  water  con- 
tains, above  that  of  the  air ; the  portions 


of  air  so  heated  ascend,  while  the  Mr- 
tions  of  water,  which  are  lowered  in 
temperature,  contract  in  bulk,  become 
heavier,  and  descend;  other  warmer 
portions  of  water  ascend  to  the  surface, 
and  other  colder  portions  of  air  descend ; 
and  this  process  goes  on  as  long  as  the 
water  is  warmer  than  the  air. 

Ilut,  perhaps,  some  readers  may  And 
difilcidty  in  believing  that  such  small 
ditferences  in  the  relative  weights  or 
specific  gravities  of  different  portions  of 
the  same  fluid,  should  enable  some  to 
ascend,  and  others  to  descend,  pro- 
ducing such  important  effects  in  the 
economy  of  nature.  A few  experiments 
may  tend  to  impress  conviction  on  their 
minds. 

ICt.  Fill  a tall  glass  with  hot  water, 
and  take  up  in  a dropping  tid>e  a little 
cold  water,  slightly  colour«l  with  litmus, 
or  any  other  dye,  that  it  may  be  better 
seen,  and  let  it  fall  gently  into  the  hot 
water,  the  end  of  the  dropping  tube 
being  held  below  the  surface,  and  the 
coloured  water  will  fall  to  the  bottom, 
because  being  cold  its  specific  gravity  is 
rather  greater  than  that  of  the  hot  water. 

Perhaps  it  may  be  otqected  to  thii 
experiment,  that  the  colouring  matter 
added  to  the  cold  water  must  tend  to 
increase  its  weight.  Anjr  error  arising 
from  tliis  cause  may  easily  l)e  guanled 
against  by  making  the  two  fluids,  while 
cold,  of  the  same  specific  gravity : tlie 
difference  between  cold  and  hot  w^l  still 
be  fonnd  to  produce  the  same  effect. 

Ex.  Fill  a small  glass  bulb,  having  a 
narrow  neck,  with  port  wine,  or  with  a 
mixture  of  water  with  a small  quantity 
of  spirit  of  wine,  coloured  with  tincture 
of  litmus,  and  put  the  bulb  so  filled  into 
a tall,  narrow,  glass  jar,  which  must  then 
be  fiUeil  up  with  cold  water;  imme- 
diately an  ascending  ciuTcnt  will  be  seen 
proceeding  froni  the  bulb,  the  coloured 
fluid  will  accumulate  on  the  surface  of 
the  water  in  the  jar,  while  colourless 
water  will  lie  seen  accumulating  at  the 
bottom  of  the  bulb.  By  close  inspec- 
tion, the  descending  cunent  may  also  be 
obsen  ed ; and  it  w ill  be  obvious  that  the 
coloured  and  the  colourless  liquids  jiass 
each  other  in  the  narrow  neck  of  tlie 
bulb,  without  mingling.  In  a short  time 
the  whole  of  the  coloured  liquid  will 
have  ascended,  and  the  bidb  will  be 
entirely  filltsl  with  clear  w ater. 

It  is  proved  bv  this  experiment  that 
a very  small  ditference  in  the  .specific 
gravities,  in  two  portions  of  a fluid, 
enables  the  light  portion  to  ascend. 
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and  the  heavier  to  descend.  As  spirit 
of  wine  is  consideral)ly  lighter  than 
water,  an  admixture  of  it,  in  any  pro- 
portion, produces  a fluid  lighter  tlian 
water ; but  the  quantity  of  spirit  re- 
quired in  this  experiment  is  very  small, 
and  therefore  the  difference  of  specifle 
gravity  must  be  very  small  also.  It 
is  very  remarkable,  that  so  minute  a 
difference  should  not  only  enable  the 
one  portion  to  ascend,  and  tile  other  to 
descend  ; but  also  to  pass  each  other 
in  the  very  narrow  neck  of  the  bulb 
without  mingling. 

Chapter  IV. 

Appliratinti  nf  the  Doctrine  to 

Thermometere. 

The  expansion  of  borlics  by  heat  and 
their  contraction  by  cold,  affoi-d  the 
means  of  measuring  degrees  of  tenijic- 
rature.  Tlie  instrument  used  for  this 
purjiose,  and  which  acta  upon  these 
principles,  is  called  a thermometer,  and 
was  originally  invented  by  an  Italian 
physician  of  the  seventeenth  century, 
named  Santorio ; who  used  air  a.s  a 
measure  of  the  variations  of  tempera- 
ture. This  instniment  is  now  called 
an  ttir-thermometer,  and  consists  of  a 
glass  vessel  or  bottle, with  a broad  base, 
and  narrow  neck,  containing  a coloured 
liquid  a (^.  5) ; a long  tube  having  a 
glass  bulb  blown  at  one  fig.  s. 
end  b ; the  other  extremity 
of  the  tube  being  open,  and 
lunged  in  the  coloured 
quid ; and  a scale  of  equal 
parts  c.  Heat  is  applied 
to  the  bulb  to  expel  a part 
of  the  air,  which  permits  a 
portion  of  the  colomed  fluid 
to  rise  in  the  tube:  tliis 
fluid  column  indicates  the 
slightest  changes  of  tem- 
perature by  rising  when  it 
is  diminished,  and  falling 
when  it  is  increased ; be- 
cause every  increase  of 
temjierature  expands  the 
air  m the  bidb,  occasion- 
ing it  to  press  upon  the 
fluid  column  and  force  it 
down,  while  any  decrease  of  temperature 
contracts  the  bulk  of  the  air,  and  per- 
mits the  fluid  to  rise.  This  instniment 
is  not  capable  of  measuring  variations 
of  temperature  through  any  very  consi- 
derable range,  and  it  is  liable  to  other 
objections ; yet,  notwithstanding,  it  is 


still  applicable,  from  its  great  delicacy, 
to  many  purposes. 

The  members  of  the  Academia  del 
Cimento  substituted  spirit  of  wine, 
coloured,  instead  of  air;  and,  to  pre- 
vent any  effect  from  being  productj  by 
the  variations  of  atmospheric  pressure, 
the  tube  was  hcrmeticmly  sealed.  Dr. 
Halley  and  Sir  Isaac  Newton  used 
mercury  as  the  thcrmometric  fluid, 
which  IS  now  most  generally  employed ; 
but  spirit-thermometers  are  also  in 
use.  The  mercurial  is  better  adapted 
fur  high,  the  spirit  for  low  tempera- 
tures. 

Whichever  fluid  is  used,  the  shape 
of  the  instrument  is  the  same,  consist- 
ing of  a tulic,  having  a bulb  blown  at 
one  end  of  a globular  or  cylindrical 
shape,  the  latter  being  considen’d  the 
best.  Fig.  0 represents  a mercurial 
thermometer,  wit  n part  of  0, 
its  scale  moveable.  The 
tube  ought  to  have  an  equal 
bore  throughout;  but  as 
tulies  of  this  kind  can  rarely 
if  ever  be  obtained,  it  is  ne- 
cessary to  ascertain  the  ine- 

aualities  of  the  tube,  that 
ley  may  afterwards  be 
adapted  to  the  scale.  To 
divide  the  tulie  into  spaces 
of  equal  capacity,  it  is  dip- 
ped into  quicksilver,  until  n 
column  about  half  an  inch 
in  length  enters  the  bore  ; 
this  is  removed  to  about  two 
inches  fl-om  the  end,  at 
which  the  bulb  is  to  be  made ; 
then  marking  the  tube  with 
a flic  or  diamond,  it  is  laid 
upon  the  brass,  ivory,  or  wood, 
which  is  to  fbrm  the  scale  intended 
to  be  applied,  so  that  the  lower  end 
of  the  mercurial  column  may  cor- 
respond with  the  lower  end  of  the 
scale,  the  upper  end  of  the  column 
being  maiked  with  a fine  point  upon 
the  scale ; the  tulic  is  to  lie  a little  in- 
clined and  mntly  shaken,  until  the 
lower  part  of  the  mercurial  column 
stands  exactly  where  the  upper  ]iart 
was  before ; the  place  of  the  upper 
part  must  then  be  marked  upon  the 
scale,  and  the  process  must  tie  con- 
tinued until  the  tube  is  divided  to  a 
sufficient  height. 

A bulb  having  been  blown  upon  the 
instrument  in  the  usual  way,  w ith  the 
aid  of  a blow. pipe,  in  oriler  to  fill  it 
with  quicksilver,  n piece  of  paper  is 
lied  over  the  open  end  of  the  tube  in 
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llie  manner  of  a funnel,  into  which  a 
([uantity  of  <iuicksilver  is  put ; the  bulb 
is  heatM  over  a lamp  to  expel  the  air, 
and  when  the  portion  of  air  which  re- 
mains cools,  the  quicksilver  descends 
and  partly  tills  the  bulb  ; heat  is  again 
applied  until  the  quicksilver  boils, — this 
occasions  the  more  effectual  expulsion 
of  the  air;  on  cooling  a larger  quantity 
of  the  fluid  metal  is  made  to  entCT 
into  the  instrument  A sufficient  quan- 
tity having  l)een  introduced,  ana  the 
whole  liaving  been  properly  boiled,  heat 
is  applied  until  the  mercury  begins  to 
overflow  at  the  extremity  of  the  tube, 
previously  drawn  to  a line  point ; flame 
IS  urged  upon  it  by  a blow -pipe,  and  it 
is  hermetically  scaled,  or  melted  and 
joined  to  exclude  the  air. 

To  regulate  whatever  scale  may  be 
applied  to  the  instrument,  it  is  neces- 
sary to  ascertain  the  points  in  the  tube 
at  which  the  mercurial  column  stands 
when  cooled  to  the  freezing,  and  heated 
to  the  boiling,  of  water.  For  this  pur- 
pose, the  instrument  is  immersed  in 
melting  ice  or  snow,  and  ]>crmitted  to 
remain  there  for  some  time,  until  the 
quicksilver  becomes  stationary  at  one 
place,  which  is  the  freezing  point;  a 
mark  Is  made  at  that  point  upon  the 
glass.  By  allowing  the  instrument  to 
remain  for  some  time  in  boiling  water, 
the  merciuy,  after  having  ascended 
through  a large  proportion  of  the  tube, 
becomes  stationary  at  one  place,  which 
is  the  boiling  point ; if  the  calibre,  or 
bore,  of  the  tube  is  equal  throughout,  the 
siiace  between  these  two  points  upon 
the  scale,  to  be  applied,  according  to 
Fahrenheit,  is  diviued  into  180  equal 
parts,  tliirty-two  of  the  same  equal  divi- 
sions being  placed  ticlow  the  freezing 
point.  In  other  words,  the  scale  in- 
vented bv  Fahrenheit,  which  is  in  general 
use  in  this  country,  commences  at  32” 
below  the  freezing  point  of  water,  and 
has  the  boiling  point  at  212’.  It  is  be- 
lievetl  that  Falirenheit  took  his  zero  or 
commencement  of  his  scale  from  tire 
degree  of  cold  produced  bv  mixing 
snow  and  common  salt,  that  being  tire 
;^atest  degree  of  cold  known  in  his 
time  ; although  a considerably  greater 
degree  of  cold  may  be  produced  by 
mixing  the  same  or  other  ingredients. 
If  the  tube  is  unequal  in  the  bore,  use 
must  lie  made  in  the  graduation  of  the 
scale,  of  points  obtained  by  dividing  tire 
tube  into  parts  of  equal  capacity,  in 
the  manner  already  descrilied. 

The  scale  ciUlM  Reaumur's,  which 


has  Ireen  much  used  on  the  Continent, 
commences  at  the  freezing  point  of 
water  which  is  marked  o,  between 
which  and  the  boiling  point  arc  eighty 
equal  divisions  or  degrees,  the  point 
at  which  water  boils  being  at  the 
8Uth  degree.  Each  degree  of  Fahren- 
heit's scale  being  equal  to  ^ of  a de- 
gree of  Reaumiu-'s,  to  find  the  corre- 
spondence between  these  scales,  it  is 
only  necessary  to  multiply  the  number 
of  degrees  of  Fahrenheit,  above  or  Ire- 
low  the  freezing  point,  by  4 , and  lUvide 
by  9 ; the  sum  obtained  will  indicate  the 
number  of  degrees  upon  Reaumur's 
scale. 

Fshrviilietl.  Rpanmnr. 

50°— 32=  18x4=  72-=9=  8°. 

185°— 32=153x4  = 6I2-i-9  = 68’. 

To  make  those  of  Reaumur  corre- 
spond with  Fahrenheit,  the  rule  is  to 
multiply  by  9 and  divide  by  4. 

A«aninar.  Fahrenheit. 

8®x9=  72--4=  18  + 32=  50° 

68°  X 9 = 6 1 2-r4  = 153  + 32=1 85°. 

Another  scale,  which  is  now  exfen- 
tensively  used,  particularly  in  Franco, 
is  that  of  Celsius,  and  is  more  simple 
than  any : it  bej^ns  at  the  freezing: 
of  water,  l>etween  which  and  the 
boilingf  of  the  same  fluid  there  are 
100  eaual  divisions  upon  the  scale  ; so 
that  tne.boilinpj  point  is  at  the  100th 
dopw.  This  instrument  is  now  called 
the  Centyn^e  Thermometer,  and  is  by 
many  preferred  to  the  others,  the  divi- 
sions on  its  scale  toeing  considered  the 
most  natural.  The  ^ipraduation  of  Fahr- 
enheit, however,  has  some  important 
advantages  over  the  others : its  divisions 
being  small,  there  is  tlie  less  necessity 
for  stating  fractional  parts;  and  iU 
commencement  being  low,  it  is  seldom 
retired  to  state  negative  degrees. 

*nie  degrees  on  Fahrenheit’s  scfile, 
being  each  equal  to  g of  a degnv.  on 
the  Centigrade  scale,  to  find  the  corre- 
spondence of  the  degrees  of  the  former 
with  those  of  the  latter,  multiply  the 
degree's,  above  or  below  the  fi*eezmg  of 
water,  by  5 and  divide  by  9,  thus : — 

Fjilkmihftit.  C'DiiirnMli*. 

86°— 32°=  54x5  = 270-;-9  = 3«°. 

1 76’— 32°=  144  X 5 = 720-r9  = 89°. 

To  rtxlucc  the  degrees  of  the  Ccnii 
grade  scale  to  those  of  Faluenheit, 
multiply  by  9 and  divide  by  5. 

Ccnlijfradf.  Fiihrpnhrit. 

30°x9  = 270-°-5=  ,54  + 32’=  85°. 

80’x  9 = 720+5  = 1 11  +32°=  176° 
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The  following  Table  gives  Ihe  corre- 
fpondence  between  the  degrees  of  the 
different  scales  mentioned,  without  the 
trouble  of  calculation. 
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: 73.8 

91. 1 

135 

45.7 

57.2 

195 

72.4 

90.5 

134 

45.3 

56.6 

191 

72 

90 

133 

44.8 

56.1 

193 

71.5 

89.4 

132 

44.4 

55.5 

192 

71.1 

88.8 

131 

44 

55 

191 

70.6 

88.3 

180 

43.5 

51.4 

190 

70.3 

87.7 

139 

43.1 

53.6 

189 

69.7 

87.3 

138 

43.6 

53.3 

188 

69.3 

86.6 

127 

42.3 

52.7 

187 

68.8 

86.1 

126 

41.7 

52.2 

186 

68.4 

85.5 

125 

41.3 

51.6 

185 

68 

65 

121 

40.8 

51.1 

181 

67.5 

84.4 

123 

40.4 

50.5 

183 

67.1 

BS.8 

139 

40 

50 

183 

66  6 

83.3 

121 

39.5 

49.4 

181 

66.3 

82.7 

190 

89.  1 

48.8 

180 

65.7 

83  3 

119 

38.6 

4S.3 

179 

65.3 

81.6 

116 

38.3 

47.7 

178 

61.8 

81.1 

1J7 

37.7 

47.2 

177 

61.4 

80.5 

116 

37.3 

46.6 

176 

64 

80 

115 

36.8 

46.1 

175 

63.5 

79.4 

114 

36.4 

45.5 

174 

63.1 

78.8 

113 

36 

45 

173 

63.6 

78.3 

113 

35.5 

44.4 

173 

63.8 

77.7 

111 

35. 1 

43.8 

171 

61.7 

77.2 

1 no 

34.6 

43.3 

170 

61. 3 

76.6 

109 

34.8 

42.7 

169 

60.8 

76.1 

108 

33.7 

42.2 

168 

60.4 

75.5 

107 

33.3 

41.6 

167 

60 

75 

106 

33.8 

41.1 

166 

59.5 

74.4 

105 

32.4 

40.5 

165 

59,1 

73.8 

104 

32 

40 

164 

58.6 

73.3 

103 

31.5 

39.4 

ICS 

5S.3 

73,7 

109 

31. 1 

38.8 

163 

57.7 

72.2 

101 

30.6 

.38.3 

161 

57.3 

71.6 

lOO 

30.3 

87.7 

160 

56.8 

71.1 

99 

29.7 

37.2 

159 

56.4 

70.5 

98 

99.3 

36.6 

158 

56 

70 

97 

38.8 

36.1 

157 

55.5 

69.4 

96 

28.4 

35.5 

156 

55.1 

68.8 

95 

28 

85 

155 

54.6 

68.3 

94 

27.5 

31.4 

154 

54.9 

67.7 

93 

27.1 

33.8 

153 

53.7 

67.3 

93 

26.6 

83.3 

:52 

53  8 

66.6 

91 

2C.3 

83.7 
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90 

89 

88 

87 

88 
85 
8t 
83 
82 
81 
60 
79 
78 

77 

78 
7.5 
7t 
73 

79 
71 
70 
69 
68. 
67 
66 
65 
64 
63 
62 
6t 
60 
59 
58 
57 
56 
55 
54 
53 
53 
51 

50 
49 
48 

47 
46 
45 
44 
43 

48 
41 
40 
39 
38 
37 
36 
35 

51 
33 
S3 
SI- 
SO- 
SO- 
28  - 
37— 
26- 
25— 


Ceati 
25.7  33.8 


25.3 
24.8 

24.4 
24 

23.5 

23.1 

22.6 

22.2 

21.7 

21.3 

20.8 

20.4 
20 

19.5 

19.1 

18.6 
18.9 

17.7 

17.8 

16.8 

16.4 
16 

15.5 

15.1 

14.6 

14.2 

13.7 

13.3 

12.8 

12.4 
12 

11.5 

1. 1 

10.6 
10.3 

9.7 

9.3 

8.8 

8.4 
8 

7.5 

7.1 

6.6 

6.3 

5.7 

5.3 

4.8 

4.4 
4 

3.5 

3.1 

3.6 

9.9 

1.7 
1.3 
0.8 
0.4 
0 


31.6 

31.1 

80.5 
SO 

29.4 
28.8 

28.3 

27.7 

27.2 

86.6 

26. 1 

25.5 
25 

21.4 

23.8 

23.3 

23.7 

29.3 

21.6 

91.1 

20.5 
20 

19.4 

18.8 
18.3 

17.7 

17.2 

16.6 
16.1 

15.5 
15 

M.4 

13.8 

13. 5 

12.7 

12.3 

11.6 
11.1 
10.5 
10 

9.4 

8.8 

8.3 

7.7  I 

7.3 
6.6 
6.1 

5.5 
5 

4.4 

3.8 

3.8 
2.7 

2.9 

1.6 
l.I 
0.5 
0 


0.4—  0.6 
0.8-  1,1 
0.3—  1.6 
1.7-  3.2 
2.2—  2.7 
2.6—  3.3 
3.1—  3.8 
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34 

3.5 

— 4 4 

93 

— 4 

— 5 

99 

—4.4 

— 5.5 

31 

4.8 

-6.  1 

30 

— 5.3 

— 6.6 

19 

— 5.7 

— 7.2 

18 

—6.2 

-7.7 

17 

-6.6 

-8.3 

16 

-7.1 

— 8.8 

15 

-7.5 

-9.1 

14 

— 8 —10 

IS 

-8.4- 

-lo.s 

13 

— 8.8- 

-II. 1 

11 

—9.3- 

-11.6 

10 

-9.7- 

-Is. 2 

9- 

- 10.3- 

-Is. 7 

8- 

-10.6- 

-1.7. S 

7- 

-11.1- 

-1.7.8 

6- 

-11.5- 

-11.4 

5- 

-I*  —IS 

4- 

-12.4.- 

-15.5 

3- 

12.8- 

.16.1 

2- 

IS.S- 

16.6 

1- 

13.7- 

17.2 

0- 

14.2- 

17.7 

— 1 — 

14.6- 

18. 3 

— 2— 

15.1- 

18.8 

— 3— 

15.5— 

19  4 

— 4— 

16  — 

20 

— 5— 

16.4- 

20.5 

— 6— 

16.8- 

21. 1 

— 7— 

17. .3- 

21  8 

— 8— 

17.7- 

23.2 

— 9- 

18.2— 

28.7 

10—18.6—28.3 

— 11—19.1  — 93.8 

— 19—19.5—94.4 

— 13-20  —25 
-14-20.4-25.5 

— 15—20.8—26.1 
-16-21. S_96. 6 

— 17—21,7-27.2 

— 18—23.2—27.7 

— 19-23.6—98.3 

— 30—33.1  — 28.8 

— 91—23.5—29.4 

— 22—24  —30 
-23—24.4-30.5 
—21— 34.8— SI. 1 
—25—25.3—31.6 

— 26—25.7—32,8 

— 27—26.2—32.7 
—28— 26. 6-33. 3 
-99— 27.1  — S3. 8 

— SO  27.5—84.4 
-31-28.4—35 
-32-28  - ,35.5 

— 38—28.8  -86.1 

— 34-29.3— 36.6 

— 85  -29,7—37.2 

— S6-.*»0.2— 37.7 
—37—30.6—38.3 
—38— SI  1 — .38.8 

— 89  — 31.5—  39.4 

— 40—32  —40 
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Dr.  Murray'proposed  a scale  which  he 
believed  would  combine  all  tlie  advan- 
ta)^  of  other  scales,  without  their  dis- 
advnntasps ; his  plan  is  to  make  the 
extreme  points  of  nis  scale  at  the  freez- 
ing and  boiling  of  mercu^,  and  to  di- 
vide the  space  between  into  1000  de- 
grees. 

As  mercury  expands  more  uniformly 
than  any  other  fluid,  and  as  there  is  a 
wider  range  between  its  freezing  and 
boiling  pomts,  mercurial  thermometers 
are  most  generally  useful ; but,  when  low 
degrees  of  temperature  are  to  be  mea- 
sured, a thermometer  containing  co- 
loured alcohol  is  the  best  adapted  to 
the  purpose,  since  it  has  not  been  found 
possible  to  make  this  fluid  solid  by  any 
reduction  of  temperature  yet  effected. 

Dr.  Halley,  Dr.  Brooa  Taylor,  Dr. 
Black,  and  other  pWosophm,  have 
made  numerous  experiments  to  ascertain 
whether  the  expansion  and  contraction  of 
mercury  is  tlie  same  at  every  tempera- 
ture, for  equal  portions  of  heat  applied 
or  withdrawn.  The  experiment  most  ge- 
nerally made  by  them  was  to  take  a ther- 
mometer with  a perfectly  cylindrical 
tube,  and  having  plunged  it  in  hot  wa- 
ter. to  mark  the  stationary  point  of  the 
fluid  ; tliey  then  observed  where  tlie  fluid 
stood  when  plunged  into  an  equal  weight 
of  cold  water ; and,  lastly,  they  mixed 
the  two  portions  of  water  togstner,  and 
tried  the  tem|>erature  of  the  mixture : 
if  the  temperature  indicated  was  the 
mean  between  the  temperatures  of  the 
two  fluids,  they  considered  the  indica- 
tions of  the  thermometer,  as  to  changes 
of  temperature,  to  be  correct  Many 
sources  of  error  were  to  be  guarded 
against  in  this  experiment,  and  different 
conclusions  were  arrived  at ; De  Luo's 
opinion  was,  that  the  thermometne  fluids 
do  not  expand  equally,  with  equal  quim- 
tities  of  heat  applied.  The  least  devia- 
tion from  regularity  was  observed  in 
mercury.  Equal  weights  of  water  at 
200-7“  and  4S“Ving  mixed  together,  the 
temperature  was  2-5“  lovi-er  than  the 
arithmetical  mean,  and  experiments  tried 
with  other  temperatures  gave  similar 
lesulLs. 

De  Luc  thought  that  experiments  of 
the  kind  just  slated  could  not  be  relied 
upon,  as  tJiey  rested  on  an  assumption 
that  the  capacity  of  water  for  heat  is 
the  same  throughout  the  whole  range  of 
temperature  ojierated  upon,  while  he 
believed  Uiat  the  capacity  increased 
along  with  the  temperature.  On  mix- 
ing two  quantities  of  water  at  different 


temperatures,  a diminution  of  capacity 
would  therefore  result,  and  heat  would 
consequently  be  given  out,  which  would 
occasion  the  Icmpcrature  of  the  mix  • 
ture  to  appear  higher  than  it  ought 
to  do. 

Dr.  Crawford,  in  order  to  obviate  this 
objection,  exposed  a thermometer 
equally  to  air  cooled  by  snow  to  32“, 
and  heated  by  steam  to  212“ : the  re- 
sulting temperature  at  which  the  in- 
strument remained  stationary  fifteen 
minutes,  was  12I“,  only  one  degree 
lower  than  the  mean ; and  he  thought 
that  this  deviation  should  be  reduced,  by 
admitting  a correction  for  the  effect  of 
temperature  on  tlie  quantity  of  fluid  in 
the  stem. 

Experiments  of  a still  greater  ac- 
curacy have  been  made  by  Dr.  Ure, 
and  by  MM.  Dulong  and  Petit,  which 
prove  that  the  slight  degree  of  inequa- 
lity in  the  expansion  of  mercury  in 
thermometer-tubes  is  compensated  by 
the  expansion  of  the  glass,  and  also  by 
the  lessening  mass  of  mercuiy  remain- 
ing  in  tlie  bulb  as  the  temperature 
rises  ; so  that  the  mercurial  thermome- 
ter may  be  considered  as  an  accurate 
indicator  of  changes  of  temperature. 

'Various  modifications  of  the  air  ther- 
mometer have  been  introduced,  of  which 
Mr.  liCslie's  is  considered  the  most  use 
ful*.  It  is  called  the  differential  ther- 
mometer, and  consists  of  a long  glass 
tube,  twice  bent  at  right  angles,  having  a 
bulb  at  each  extremity ; tlie  tube  contains 
a quantity  of  aulphuric  acid  tinged  with 
carmine.  The  original  adjustment  of  this 
fluid  is  rather  difficidt,  and  requires  care 
and  dexterity.  Tlie  instrument  is  fur- 
nished with  a scale  of  100  equal  parts, 
and  is  fixed  upon  a wooden  support. 
Both  the  bulbs  of-  the  instniment  being 
exposed  to  the  same  temwrature,  it  is 
not  in  the  least  affected ; out  a^  soon  as 
one  of  the  bulbs  is  exposed  to  a higher 
temperature  Uian  the  other,  the  ditferenco 
between  them  is  delicately  sliewn  by  the 
falling  of  the  coloured  fluid  below  the 
bulbwhich  is  most  healed.  Tliis  in- 
strument not  bring  aflected  by  tlie  vari- 
ations of  atmospherical  pressure,  nor  liy 
fluctuations  of  temperature  in  the  at- 
mosphere, it  is  adminibly  fitted  for 
experiments  on  radiant  heat ; its  form 
is  shewn  tijig.  7. 

Another  mmlification  of  this  instru 
ment  was  introduced  liy  Dr.  Howard, 
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(Journal  of  Science,  No.  XVI.)  which  he 
coiuiden  more  convenient.  One  of  the 


l)ull>s  is  mnde  to  stand  hither  than  thg 
otlier,  and  the  iiichidni  liquid  is  alcohol 
or  cDht  coloiued,  which  is  mode  to  boil 
for  tlie  purpose  of  excluding  Uie  air, 
previous  to  the  closing  of  the  instru- 
ment by  the  blow-pipe.  (Fig.  8.) 

Several  instruments 
h,ivc  been  made,  to  indi- 
cate changes  of  tempera- 
ture, upon  the  principle 
of  the  unequal  expansion 
of  different  metals.  Mr. 

Crichton  of  Glasgow, 
has  combined  small  ob- 
long plates  of  steel  and 
zinc : the  compound  bar 
thus  produced,  is  firmly 
secured  at  one  end  to  a 
boanl ; the  other  end  is 
api)lie<l  to  a moveable 
index,  so  that  the  whole 
of  tlie  bending  occasion- 
ed by  the  superior  ex- 
pansiliility  of  the  zinc 
over  that  of  the  steel,  is 
exercised  in  moving  the 
arms  of  the  index  along 
a graduated  arc,  and 
leaves  them  at  the  great- 
est deviation  to  tlie  right 
or  left  of  any  observed 
temperature. 

“ An  exquisite  instrument,"  says  Dr. 
Ure,  “ on  the  same  principle  has  been 
invented  by  M.  Breguet,  member  of  the 
Academy  of  Sciences,  and  Board  of 
Longitude  of  France.  It  consists  of  a 
narrow  metallic  slip,  about  tii  of  an 
inch  thick,  composed  of  silver  and  pla- 
tina  soldered  together:  and  is  coiled  in 
a cylindrical  form.  The  top  of  this  spi- 
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ral  tube  is  suspended  by  a cross  arm, 
and  Uie  bottom  carries,  in  a horizontal 
portion,  a very  delicate  golden  needle, 
which  traverses  as  an  in&x  on  a gra- 
duated circular  plate.  A steel  stud 
rises  in  the  centre  of  the  tube,  to  pre- 
vent its  oscillations  from  the  central 
position.  If  the  silver  be  on  the  out- 
side of  the  spiral,  then  the  influence  of 
increased  temperature  will  increase  the 
curvature,  ara  move  the  appended 
needle  in  the  direction  of  the  coil ; while 
the  action  of  cold  will  relax  the  coil,  and 
move  the  needle  in  the  opposite  di- 
rection." The  principle  of  these  last- 
mentioned  contrivances  is  clearly  the 
same  as  that  of  Arnold's  compensation 
balance,  already  alluded  to. 

Various  modifications  of  the  thermo- 
meter have  been  introduced,  for  the 
purpose  of  adapting  it  to  particular  pur- 
poses, which  cannot  here  lie  described. 

Of  the  contrivances  for  measuring 
high  degrees  of  temperature,  that  of 
Wwlgewood  has  been  the  most  in  use: 
iU  indications  depend  upon  the  contrac- 
tion of  pure  cl^  when  much  heated. 
This  reduction  of  bulk  is  first  observed 
when  the  clay  acquires  a red  heat,  and 
continues  to  increase  until  vitrification 
ensues ; the  coulraction  of  volume 
being  permanent,  and  amoimts,  in  the 
whole,  to  about  one  fourth.  In 
order  to  take  advantage  of  this  jiro- 
perty  of  clay,  Mr.  Wedgewood  con- 
structed a guage  of  brass,  consisting  of 
two  straight  pieces,  two  feet  long,  fixed 
upon  a plate,  a little  nearer  to  each 
other  at  one  end  tlian  at  the  other  ; the 
sp^  between  them  at  the  widest  end 
being  five-tentlis  of  an  inch,  and  at  the 
narrowest  three  tenlhs.  The  converg- 
ing pieces  were  divided  into  inches  and 
tenths  of  inches,  Tlie  pieces  of  clay, 
the  contractions  of  which  were  to  be 
measured,  were  of  a cylindrical  form, 
flattened  on  one  side,  and  of  such  a size 
ns  to  be  exactly  adapted  to  the  wider  end 
of  the  guage,  so  that  it  might  slide  far- 
ther in,  in  proportion,  to  the  degree  of 
heat  appliM  to  it. 

The  indications  of  this  instrument, 
which  he  called  the  Pyrometer,  from  two 
Greek  words  signifj-ing  meature  qf  fire, 
gave  the  comparative  degrees  of  heat 
produced  in  different  processes ; but  to 
obtain  the  utmost  information  which 
the  instrument  was  capable  of  afford- 
ing, it  seemed  absolutely  necessary  to 
apply  a scale  to  it,  the  degrees  on  which 
should  bear  some  certain  proportion  to 
the  degrees  on  the  scale  of  Fahrenlieit, 
C 3 
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Mr.  Wedgewood  observed  tlial  Ihe  heat 
which  raised  tJie  temperature  of  Falir- 
eriheit's  thennomeler  from  50®  to  212®, 
expanded  a piece  of  silver  from  0®  to  8® 
)f  a certain  scale,  and  tliat  a heat  which 
expanded  the  silver  from  0®  to  66°  of  its 
scale,  corresponded  to  2|®  of  the  clay  or 
Wedgewood’s  scale.  By  these  and  si- 
milar experiments,  he  found  that  each 
degree  ot  his  PjTometer  is  equal  to  130® 
of  Fahrenheit's  scale.  The  temperature 
of  a red  heat,  visible  by  dayliglit,  which 
was  found  to  correspond  to  10774®,  was 
taken  as  the  commencement  of  Wedge- 
wood's  scale. 

The  following  Tabls,  pointing  out 
the  effects  upon  bodies  of  different  de- 
grees of  heat  according  to  this  and  Fahr- 
enheit's scales  is  taken  from  Murray's 
/em  of  ChemitiTy, 

Wedff.  Fahr«a. 

Extremity  of  the  Scale  of 

Wedgwood’sThermometer  240®  82277® 
Greatest  heat  of  an  air  fur- 
nace, 8 inches  in  diameter, 
which  neither  melted  nor 
softened  Nankin  porcelain 
Chinese  porcelain  softened, 

best  sort 

Cast  iron,  thoroughly  melted 
Hessian  crucible,  melted. . . . 

Bristol  porcelain,  not  melted 
Cast  iron  begins  to  melt. . • . 

Greatest  heal  of  a common 

smiUi's  forge 

Plate  glass  furnace,  strongest 

heat 

Bow  porcelain,  vitrifies 

Chinese  porcelain,  softened, 

inferior  sort 

Flint  glass  furnace,  (strongest 

heal) 

Derby  porcelain  vitrifies  . 

Chelsea  porcelain  vitrifies.. 

Stone  ware  baked  in 

Welding  heat  of  iron  (great- 
est)   

Worces»er  porcelain  vitrifies 
Welding  heal  of  iron  (least) 
Cream-coloured  ware  l>aked  in 
Flint  glass  furnace  (weak 

heat) 

Working  heat  of  plate  glass 

Delft  ware  baked  in 

Fine  gold  melts 

Settling  heat  of  flint  glass  . . 

Fine  si  Ivor  melts • . . 

Swedish  copper  melts 

Silver  melts  (Dr.  Kennedy). . 

Brass  melts 

Heat,  by  which  enamel  co- 
lours are  burnt  on  

Red  heal,  fully  visible  in  day-l 
Iron  red  hot  in  the  twilight. . 

Heal  of  a common  Arc 

Iron  bright  red  in  the  dark . . 

Zinc  inelU.  


160 

21877 

156 

21857 

150 

90577 

ISO 

20577 

185 

18637 

ISO 

17977 

125 

17327 

124 

1719T 

121 

16807 

120 

16677 

114 

15897 

112 

15687 

105 

14727 

102 

14887 

95 

18427 

94 

18297 

90 

12777 

86 

12257 

70 

I0I77 

57 

8487 

41 

6 407 

82 

5237 

29 

4817 

28 

4717 

27 

4587 

23 

S9S7 

21 

8807 

6 

1857 

ight 

1077 

884 

I . 

790 

» » 4 

752 

> . . * 

70® 

Quicksilver  boils  (Irvine) 

■ — (Dalton) 

(Crichton) 

rx>west  ignition  of  iron  in  the  dark 

Linseed  oil  boils 

Lead  melts  (Guyton,  Irvine) 

Sulphuric  acid  boils  (Dalton).*.* 
The  surface  of  polished  steel  ac- 
quires a uniform  deep  blue.  . . . 

Oil  of  turpentine  boils 

Sulphur  bums 

Phosphorus  boils 

Bismuth  melts  (Irvine)  

The  surface  of  polished  steel  ac- 
quires a pale  straw-colour 

Tin  melts  (Crichton,  Irvine) 

A mixture  of  three  parts  tin  and 
two  of  lead  melts;  also  a mix- 
ture of  two  parts  tin  and  one  of 

bismuth  melts 

A compound  of  equal  parts  of  tin 

and  bismuth  melts 

Nitric  acid  boils 

Sulphur  melts \ 

A saturated  solution  of  salt  boils 
Water  boils  (the  barometer  being 
at  .^0  inches);  alsoacompourvi 
of  five  of  bismuth,  three  of  tin, 

and  two  of  lead  melts 

A compound  of  three  parts  of  tin, 
five  of  lead,  and  eight  of  bis- 
muth, melts  rather  l^low 

Alcohol  boils 

Bees'  wax  melts 

Spermaceti  melts 

Phosphorus  melts 

Ether  boils  

Heat  of  the  human  blood 

Medium  temperature  of  the  globe 

Ice  melts 

Milk  freezes. 

Vinegar  freezes  at  about 

Strong  wine  freezes  at  about .... 
A mixture  of  one  part  alcohol  and 

three  parts  water  freezes 

A mixture  of  alcohol  and  water  in 

equal  quantities  freezes 

A mixture  of  two  parts  alcohol 
and  one  part  water  freezes .... 
Melting  point  of  quicksilver  (Ca- 
vendish)   

Liquid  ammonia  ctysiaUixaa 

(Vauqoelin).. 

Nitric  acid  ap.  about  1.42 
freesas  (Cavendish). . . . . . • • • • 

Sulphuric  mther  congeals  (Vau- 

qoelio) u**'*j*u‘ 

Natural  lempeiaturc  observed  by 
Mr.  Hutchins  at  Hudson’s  Bay 
Ammoniacal  gas  condenses  into  a 

liquid  (Guyton) 

Nitrous  acid  freezes. . . - 

Cold  produced  from  diluted  sul- 
phuric acid  and  snow,  the  ma- 
terials being  at  the  temperature 

of  57  

Greatest  artificial  cold  .yet  mea- 
sured (Walker) 


Fslirsn. 

672 

6G0 

655 

635 

600 

594 

590 

580 

560 

554 

476 

460 

442 


334 

2S3 

242 

226 

218 


21 


210 

174 

142 

183 

100 

98 

98 

50 

82 

so 

28 

20 


7 


-7 


— 11 

— 89 

—42 

— 45 


-47 


— 54 


— 56 


-78 


-91 
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It  has  been  asserted  by  Guyton  de 
Mor\eau^»  that  the  indications  of 
Wedtfc\vood*8  pjTometer  are  not  so  hij;h 
as  they  are  made  to  appear ; but  he 
has  w^ainly  erred,  in  supposing  that 
the  red  heat,  at  which  Wedgewood  com- 
mences his  scale,  is  no  higher  than  517® 
of  Falirenheit  ; since  oil  and  mercury 
are  botli  capable  of  indicating  higher 
degrees  of  heat,  without  exhibiting  the 
least  ^pearance  of  redness. 

In  Guyton  de  Morveaus pyrometerf-, 
platina  is  used  to  measure  high  degrees 
of  heat  The  instrument  alluded  to,  is 
formed  of  a mass  of  highly-baked  white 
clay,  having  a groove  in  it  for  tlie  pur- 
pose of  receiving  a rod  or  plate  of  pla- 
tina, which,  resting  on  the  clay  at  one 
end,  at  the  other  presses  against  it  the 
end  of  a bended  lever,  the  longest  arm 
of  which  is  made,  by  the  expansion  oc- 
casioned by  increase  heat,  to  traverse 
a graduated  arc,  and  tlius  indicates  the 
rise  of  temperature. 

Dr.  Ure  {Chemical  Dictionary,  p. 
657)  is  of  opinion  that  high  degrees  of 
heat  may  be  measured  by  the  expansion 
of  air.  **  Since  dry  air  augments  in  vo- 
lume 3-Stlis  for  ISO  degrees,  and  since 
its  progressive  rate  of  expansion  is  pro- 
bably uniform  by  uniform  increments  of 
heat,  a pyrometer  might  easily  be  con- 
structed on  this  principle.  Form  a bulb 
and  tube  of  platinum  of  exactly  the  same 
form  as  a Uierraoraeter,  and  connect, 
with  the  extremity  of  the  stem  at  right 
angles,  a glass  tube  of  uniform  calibre, 
filled  with  mercury,  and  terminating  be- 
low in  a recurved  bulb,  like  that  of  the 
Italian  barometer.  Graduate  the  glass 
tube  into  a series  of  spaces  equivalent 
to  3-8ths  of  the  total  volume  oi  the  pla- 
bna  bulb,  with  3-4ths  of  its  stem,  ^e 
other  fourth  may  be  supposed  to  be  little 
influenced  by  me  source  of  heat.  On 
plunging  the  bulb,  and  2 -3rds  of  the  stem 
into  a furnace,  the  depression  of  the 
mercury  will  indicate  the  degree  of  heat. 
As  the  movement  of  the  column  will  be 
very  considerable,  it  will  be  scarcely 
worth  while  to  introduce  any  correction 
for  the  change  of  the  initial  volume  by 
barometric  variation.  Or  the  instrument 
might  be  made  with  the  recurved  bulb 
se^ed,  as  in  Professor  Leslie’s  differ- 
ential thermometers.  The  glass  tube 
may  be  joined  by  fusion  to  the  platinum 
tube.  Care  must  be  taken  to  let  no 
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mercury  enter  the  bulb.  Should  there 
be  a mechanical  difficulty  in  makint;  a 
bulb  of  this  metal,  then  a hollow  cylin- 
der half  an  inch  in  diameter,  with  a pla- 
tinum stem,  like  that  of  a tobacco  pipe, 
screwed  into  it,  will  suit  equally  well." 

Having  considered  the  ei^ansion  of 
bodies  by  heat,  and  the  various  means 
of  measuring  that  expansion,  it  seems  to 
be  required,  in  order  to  give  a complete 
view  of  the  subject,  that  the  effects  ca- 
able  of  being  produced  by  reducing 
odies  below  their  usual  teinjieratures, 
and  the  artificial  modes  by  which  tliis  is 
effected,  should  be  noticed  in  this  place ; 
but  it  is  believed  that  a still  more  appro- 
riate  opportunity  of  entering  into  this 
iscussion  will  be  found  in  a more  ad- 
vanced part  of  this  treatise. 

Chapter  V. 

0/  the  different  powers  of  bodies  in  con- 
ducting  heat. 

To  prove  in  a simple  and  convincing 
way  that  heat  passes  through  different 
bodies  with  veiy  different  degrees  of  ve- 
locity, it  is  only  necessary  to  take  slen- 
der cylinders  of  different  substances,  as, 
for  example,  silver,  glass,  and  charcoal, 
and  while  holding  one  end  of  each  in  the 
hand,  let  the  other  end  be  held  in  the 
flame  of  a candle ; the  silver  will  soon 
become  too  hot  to  hold,  the  glass  will  be 
much  longer  in  being  heated,  and  the 
charcoal  will  be  ignil^  (or  red-hot)  at 
one  end,  long  before  any  sensation  of 
heat  is  felt  at  tlie  other.  The  substances 
that  become  hot  soonest  at  the  end 
farthest  from  the  flame,  are  said  to  be 
the  best  conductors  of  caloric. 

The  densest  bodies  arc  generally  the 
best  conductors ; but  there  is  no  mva- 
riable  relation  existing  between  the  den- 
sity of  a body  and  its  conducting  power ; 
as  the  densest  of  the  metals,  platinum, 
is  one  of  the  worst  of  metallio  con- 
ductors. Earthy  substances  are  much 
inferior  to  metals  in  their  conducting 
power ; wood  is  still  more  so ; but  the 
solid  substances  that  have  the  least 
conducting  power,  are  those  which  con- 
stitute the  coverings  of  animals,  as  wool, 
hair,  and  feathers.  Hence  the  peat  use 
of  even  small  portions  of  such  substances 
in  preventing  the  heat  of  animals  from 
being  carried  off  by  the  cold  air ; m 
other  words,  keeuing  them  warm. 

Ex.  The  difference  between  the  con- 
ducting powers  of  metal  and  wood  may 
be  strikingly  shown,  by  taking  a smooth 
cylindricJ  tube,  or  stiU  better  a solid 
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piece  of  metal,  about  one  and  a half  indi  denmty,  of  their  hardnets,  of  their  cohe> 
in  diameter,  and  eight  inches  long;  wrap-  aion,  nor  in  any  compound  ratio  of  these, 
ping  a piece  of  clean  writing  paper  round  Rods  of  ditrarent  metals,  of  the  same 

the  metal,  so  as  to  be  in  close  contact  with  len^  and  diameter,  were  dipped  by  In- 
its  surface,  and  then  holding  the  paperin  geimoux  into  melted  wax,  by  which  they 
the  flame  of  a spirit  lamp : it  may  be  acquired  a coating  of  that  substance, 
held  there  for  a considerable  time,  with-  When  cold,  they  were  plunged  to  the 
out  being  in  the  least  affected.  Wrap  a droth  of  about  two  inches  into  heated 
similar  piece  of  paper  round  a cyhndncal  oil.  and  the  conducting  power  was  in- 
piece of  wood  of  the  same  diameter,  and  feried  from  the  length  of  wax  coating 
hold  it  in  the  flame  ; it  will  very  speedily  melted  in  a given  time.  Silver,  accord- 
bum.  When  the  paper  is  in  close  con-  ing  to  these  experiments,  is  the  best 
tact  with  the  metal,  the  heat  which  is  eonductor ; then  gold,  fin,  copper,  pla- 
applicd  to  it  in  one  particular  part  cannot  tinum,  ated,  iron,  and  lead,  ^ese  ex- 
accumulate  there ; but  enters  into  the  periments,  however,  are  not  considered 
metal,  and  is  equally  diffused  through  as  perfectly  accurate.  The  experiments 
its  substance,  so  that  the  paper  cannot  of  Meyer,  of  Erlangen,  by  which  he 
be  burned  or  scorched  until  the  metal  endeavoured  to  ascertain  the  conducting 
becomes  very  hot;  but  when  pimer  is  powers  of  difierent  kinds  of  wood,  ap- 
wrap]>e<I  round  wood,  the  heat  that  is  pear  to  be  subject  to  so  many  causes  of 
applied  in  one  particular  part,  not  being  error,  that  the  results  obtained  by  them 
able  to  enter  into  the  wood  with  facilito,  can  searceiy  be  depended  upon. 
accumulates,  in  a short  time,  in  sum-  The  following  Table  gives  the  results 
dent  quantity- to  bum  the  paper.  which  he  obUiined;  uie  conducting 

Sand  conducts  heat  so  slowly,  that  thi  power  of  water  being  made  the  standaro. 
red  hot  balls  used  at  Gibraltar  in  re-  Co.a.nj;i*  gpeds. 

pelling  the  attack  of  the  Spaniards,  were  Pv<nr.  Onvity. 

conveyed  from  the  furnaces  to  the  bas-  Water  10  1.000 

tions,  in  wooden  wheelbarrowa,  having  wood  SI. 7 1.054 

only  a layer  of  sand  between  thra  and  ll'i 

the  balls  *“•* 

Solid  substances  conduct  heat  m nU  „„,„beam SS.S 0.690 

directions,  upwards,  downwards,  and  pi„m  tree  SS.S 0.687 

sideways,  with  nearly  equal  fadlity.  Elm SS . S. . . . . . 0 . 646 

A set  of  experiments  was  mside  by  Oak St. 6 0.668 

Richman,  with  a view  to  ascertain  if  Pear  tree SS.* 0.609. 

any  relation  existed  between  the  eon-  Birch  St. 1 0.608 

dutfling  powers  of  bodies  and  their  other  Silver  flr 87.5  0.49S 

properties.  He  took  hollow  balls  of  the  Alder  S8.4 0.484 

melals,  equal  in  sire  to  each  other,  and  Scotch  6r S8.6 0.408 

having  the  bulb  of  a mercurial  ther-  Norway  spruce  S8.9 

moineter  inclosed  in  each.  The  balls  0.408 

having  been  immersed  in  boiling  wafer  Experiments  were  made  by  Count 
unt3  each  thermometer  attained  the  Rnmford,  for  the  puipose  of  inves- 
sairrte  tempriratore,  they  were  then  ex-  tigating  the  fltneas  of  various  sub- 
posed  to  the  air,  tad  the  times  of  their  stances,  as  artides  of  warm  clothing, 
ofrofing  observed : the  differences  in  this  That  philosopher  suspended  a ther- 
respect  were  considered  as  marking  mometer  in  a cytiodriem  ^ass  tube,  the 
{heir  differences  of  conducting  power,  end  of  which  hsd  been  blown  into  a 
The  metals  which  appeared  to  have  the  bulb,  fA  inch  in  diamfcter,  placing  tiie 
greatest  power  of  retaining  heat  were  bulb  of  the  thermometer  in  the  centre 
brass  and  copper ; then  iron,  tin ; and  of  the  larger  bulb,  surrotmded  with  the 
lead  the  least  of  all.  The  decrements  of  substance,  the  conducting  power  of 
temperature  in  a given  time,  in  the  me-  whidiwas  tobeascatained.  Prepared  in 
tals  above  mentioned,  bring  as  foBowa : this  way,  the  apparatus  was  heated  by 
lead,  23  ; tin,  17  ; iron,  11 ; Coppetr,  10;  bcang  plunged  into  boiling  water,  and 
brass,  10, — he  considered  Mmself  jus-  afterwards  cooled  by  being  plunged  in  a 
tified  in  inferring,  fium  his  experiments,  mixture  of  pounded  iee  and  water ; and 
that  the  incfomcnts  and  decrements  (or  tlie  number  of  .seconds  was  accurately 
increases  and  decreases)  of  tempCTatirre  marked,  which  the  thermometer  required 
in  the  bodiys  upon  which  he  experiment-  in  each  experiment  to  cool  from  70°  to 
ed,  are  not  in  the  inverse  ratio  of  their  10°  of  Reaumur. 
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9«mTn>ii«d  wf  A 

Air, (it  cooled  in) 576 

16  gn.  of  raw  silk 1284 

„ Eavellings  of  taffcty  , 1169 

„ Sewing  silk,  cat 917 

„ Wool 1118 

Collon  1016 

„ Fine  lint 10*2 

„ BeaveFs  fur  ....v ...  1296 

„ Hare’s  ftir ISIS 

„ Eider-down 1305 

„ Charcoal 937 

„ Lamp  black 1117 

,,  Wood-ashes 927 

The  worst  conductors,  as  hares'  fiir 
and  eider-down,  involve  a large  ^nantit]r 
of  air  among  the  parts  of  which  thejr 
consist,  to  which,  it  is  beheved,  they 
chiefly  owe  the  power  of  resisting  the 
passage  of  heat.  The  same  substance 
IS  found  to  have  different  conducting 
powers,  in  propt^on  to  the  closeness 
or  openness  of  its  texture,  as  will  be 
seen  t>y  reference  to  the  experiments  on 
silk,  the  twisted  silk  having  the  greatest 
conducting  power. 

The  substances  which  form  the  wann- 
est articles  of  clothing  are  those  which 
have  the  longest  nap,  fur,  or  down,  on 
account  of  the  air  which  is  involved  re- 
sisting the  esc^  of  the  natural  warmth 
of  the  body.  'The  imperfect  conducting 
power  of  snow  arises  from  the  same 
cause ; and  is  of  the  greatest  utiliw  in 
preventing  the  surfhee  of  the  earth  worn 
being  injuriously  cooled  in  many  parts  of 
the  world.  It  is  affirmed,  that  while  the 
temperature  of  the  air  in  Siberia  has  been 
70'’  below  the  freezing  point,  the  surface 
of  the  earth,  protected  by  its  covering  of 
SHOW,  has  seldom  been  older  than  32°. 

Advantage  is  taken  of  the  imperfect 
conducting  powers  of  bodies  for  the 
purpose  of  conflning  heat : furnaces  are 
frequently  surrounded  by  a thick  coat- 
ing of  clay  and  sand  for  some  purposes  ; 
the  interposition  of  a layer  of  charcoal, 
or  of  a stratum  of  air,  is  very  effectual 
in  preventing  the  escape  of  caloric. 
Double  windows  may  be  seen  at  Ken- 
sington Palace,  and  in  many  houses  in 
and  about  London,  upon  the  same  prin- 
ciples. The  air  inclos^  between  the  two 
windows  opposes  great  resistance  to  the 
escape  of  me  heat  which  is  produced 
witlun  the  house  in  winter. 

Loose  clothing  is  warmer  than  such 
as  fits  close,  on  account  of  the  quantity 
of  imiierfectly  conducting  air  confined 
around  the  body,  resisting  the  escape  of 
heat.  The  same  substances  that  pre- 
vent the  escape  of  heat,  will  be  equally 
effectual  in  preventing  its  admission; 


and  ice-honKS  are  oonstmeted  upon 
thisprinciple. 

The  very  different  Sensations  '.hich 
we  experience  on  touching  substances 
of  different  kinds,  as  ivory,  marble, 
glass,  wood,  are  occasioned  by  tie  dif- 
ferences of  conducting  powers  in  these 
bodies.  A piece  of  wood,  for  example, 
being  touched  in  cold  weather,  does  not 
seem  so  cold  by  very  much  as  a piece 
of  iron  in  the  same  place,  although  they 
are  exactly  of  the  same  temperature,  as 
may  be  proved  by  the  application  of  a 
thermometer  to  them.  The  iron  feels 
colder,  because,  being  a good  conductor 
of  calorie,  the  heat  existing  in  the  hand 
over  that  of  the  iron,  has  a tendency  to 
enter  into  the  iron,  that  an  equality  of 
temperature  may  be  produced  between 
them,  and  the  rapid  abstraction  of 
ealoric  occasions  me  sensation  allu- 
ded to ; but  wood,  being  a slow  con- 
ductor, it  does  not  take  away  heat  from 
the  hand  so  rapidfy,  and  thmfore  does 
not  feel  so  cold.  For  the  same  reason, 
when  the  irsn  and  the  wood  are  at  high 
temperatures,  the  former  seems  the  hot- 
test, because  it  imparts  heat  most  readily. 

Operators  who  have  frequently  to 
touch  substances  hotter  or  colder  than 
is  agreeable,  find  it  very  convenient  to 
wear  gloves  of  worsted,  that  substance 
being  a very  bad  conductor  of  heat. 

Count  Rumford  illustrated,  by  nume- 
rous experiments,  the  very  imperfect 
conducting  power  of  fluids : indeed,  he 
supposed  it  proved  by  his  experiments 
that  they  are  absolutely  non-conductors 
of  caloric.  This  opinion  has  been  suc- 
cessfully controverted,  and  fluids  are 
now  generally  admitt^  to  have  a very 
small  degree  of  conducting  power. 
It  has  been  proved  that  water  may  be 
made  to  boil  in  the  upper  part  of  a tube, 
without  imparting  much  heat  to  tlie 
lower  portions : that  water  may  be 
brought  to  the  boiling  point  within  one 
fourth  of  an  inch  of  ice  without  produc- 
ing immediate  liquefaction ; and  that  ice 
is  melted  eighty  times  slower,  when  it  is 
fixed  at  the  bottom  of  a cylindrical  vessel, 
with  warm  water  above  it,  than  when 
it  floats  upon  the  surface  of  warm  water. 

Dr.  Murray,  who  was  the  most  suc- 
cessful opponent  of  Count  Rumford^ 
theory,  selects  the  following  as  one  of 
the  most  unobjectionable  of  the  Count  s 
experiments.  Over  a piece  of  ice.  fro- 
zen in  the  bottom  of  a cylindrical  glus 
jar,  and  having  a small  prweetion  of  ice 
rising  from  the  centre  of  it,  he  poured 
ohve  oil,  at  32°,  to  the  height  of  three  ia- 
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chcs  abovu  the  surface  of  ice.surroundine 
tlie  under  part  of  the  jar  with  pounded 
ice,  and  water.  A solid  cj'linder  of  iron, 
1 1 inch  in  diameter,  and  1 2 inches  long, 
to  which  a sheath  of  thick  paper  to  pre- 
serve its  heat  was  adapted,  being  heated 
to  210°  by  immersion  in  water,  it  was 
introduced  into  the  sheath,  and  sus- 
pended in  the  jar  in  such  a manner,  that 
the  middle  of  its  lower  extremity  was 
directly  above  the  pointed  projection  of 
ice,  and  distant  &om  it  only  T*Bths  of  an 
inch.  If  any  heat  had  descended  through 
tlie  thin  stratum  of  oil,  interposed  be- 
tween the  hot  iron  and  the  projection  of 
ice  under  it,  it  must  have  been  apparent, 
by  the  melting  of  the  ice.  But  this  was 
not  the  case ; the  ice  did  not  appear  to 
be  diminished,  or  otherwise  affected  by 
the  hot  iron.  When  mercury  was  sub- 
stituted instead  of  oil,  the  hot  iron 
was  placed  at  the  distance  of  4 -inch 
from  Uic  ice  without  affecting  it. 

Dr.  Murray  remarks,  that  all  the  ar- 
rangements in  tliis  experiment  are  such 
as  to  occasion  waste  of  heat,  and  to 
revent  tlie  conducting  power  of  the 
uid,  if  it  had  any,  from  being  apparent. 
Instead  of  using  a little  oil  only,  the  ice 
was  covered  to  the  height  of  three  in- 
ches, and  this  oil  was  kept  as  nearly  as 
possible  at  32°  during  the  whole  of  the 
experiment.  The  heated  cylinder  being 
suspended  in  the  oil,  the  portions  of  oQ 
nearest  to  its  surfaces  would  be  heated, 
and  expanded,  and  would  therefore  as- 
cend ; other  portions  would  successively 
come  in  contact  with  the  iron,  and  simi- 
lar effects  would  be  produced  upon 
them ; and  this  circulation  would  con- 
tinue as  lon^  as  the  iron  continued  to 
impart  calono  to  the  oil ; the  ascending 
current  being  in  the  middle  of  the  jar, 
and  the  descending  current  keeping  near 
to  t^  sides.  By  this  dtculation  it  is 
obvious  that  no  caloric  could  be  com- 
municated to  the  ice,  until  the  whole  of 
the  liciuid  arrived  at  a higher  tempera- 
ture than  32°.  The  rise  of  temperature 
of  the  licpiid  in  the  jar  must  have  been 
greatly  retarded  by  its  being  surrounded 
with  ice  and  water.  In  addition  to  this 
it  has  been  remarked,  that  this  mode  of 
detecting  the  communication  of  caloric, 
by  the  melting  of  ice,  is  unfavourable ; 
since  in  that  operation,  a large  quan- 
tity of  caloric  is  absorbed,  and  a por- 
tion might  be  actually  communicated 
to  the  ice,  and  yet  might  not  be  able  to 
melt  a sufficient  quantity  to  render  its 
effects  apparent. 

The  results  of  experiments  by  many 


different  philosophers,  are  hostile  to  the 
assertion  of  Count  Rumford,  that  fluids 
are  absolutely  non-conductors  of  caloric. 

Dr.  Hope  applied  heat  to  the  surface 
of  water  in  a vessel  eleven  inches  in 
diameter,  and  at  the  same  time  con- 
trived that  a stream  of  water  should  cir- 
culate on  the  outside,  to  prevent  the  con- 
ducting power  of  the  sides  of  the  ve.ssel 
from  affecting  the  result ; heat  was  con- 
ducted downwards,  as  appeared  by  the 
indications  of  a thermometer  placed  at 
some  depth  lielow  the  surface  of  the 
fluid.  Dr.  Hope  also  mixed  portions  of 
hot  and  cold  water,  and,  afler  agitating 
them,  permitted  them  to  remain  at  rest 
for  a time ; no  separation  took  place  of 
the  hot  from  the  colder  portions,  but  tlie 
whole  had  attained  one  uniform  tem- 
perature, which  is  considered  to  be  in- 
consistent with  the  theory  of  Rumford. 
Similar  facts  were  ascertained  by 
Thomson,  Nicholson,  and  Dalton ; but 
the  most  satisfactory  and  conclusive 
experiment  was  made  by  Dr.  Murray 
of  Edinburgh,  the  original  account  of 
which  was  publisbecf  in  NichoUon’t 
JoumeU,  8ix>.  yol.  /.  page  241.  It  ap 
peared  to  him  that  all  the  precautions 
which  had  previously  been  taken  to 
obviate  errors,  arising  from  the  con- 
ducting powers  of  the  vessels  in  which 
the  experiments  were  performed,  were 
insufficient  for  that  purpose ; and  a 
more  effectual  method  was  invented  by 
him.  Since  ice  cannot  have  its  tem- 
p^ature  raised  above  32°,  it  occurred  to 
him  that  a vessel  of  that  substance 
would  answer  well  for  holding  fluids, 
the  conducting  power  of  which  is  in- 
tendeil  to  be  tried ; for  whatever  degree  of 
heat  may  be  applied  to  it  above,  it  can- 
not conduct  the  heat  downwards,  the 
melting  of  a part  of  the  ice  being  the 
only  effect  which  it  would  be  capable 
of  producing.  Heat  being  applied  to 
tlie  surface  of  a fluid,  under  such  cir- 
cumstances. if  that  fluid  should  tiave  its 
temperature  increased  bdow,  it  may  be 
with  certainty  inferred  that  such  increase 
is  owing  to  the  conducting  power  of  the 
fluid  itself,  and  not  to  that  of  the  vessel 
in  which  it  is  contained. 

Mr.  Murray  gives  the  following  ac- 
count of  this  experiment  in  his  Syatem 
of  Chemiatry,  third  edition,  Vol.  1.  page 
305.  “ In  a hollow  cylinder  of  ice,  a 

thermometer  was  placed  horizontally, 
at  the  depth  of  one  inch,  its  bulb 
being  in  tlie  axis  of  the  cylinder,  and 
the  part  of  the  stem  to  wliich  tlie  scale 
was  attached,  entirely  without.  As 
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water  could  not  be  employed  at  the 
temperature  at  which  it  is  requisite  to 
make  the  experiment  in  this  apparatus, 
on  account  of  tlie  property  it  possesses 
of  becoming  more  dense  in  the  rise  of 
its  temperature  from  32’  to  40°,  oil  was 
first  used.  A quantity  of  almond  oil 
at  the  temperature  of  32’  was  poured 
into  the  ice  cylinder,  so  as  to  cover  the 
bulb  of  the  thermometer  1 inch.  A flat- 
bottomed  iron  cup  was  suspended,  so  as 
nearly  to  touch  the  surface  of  the  oil, 
and  two  ounces  of  boiling  water  were 
pourcrl  into  it.  In  a minute  and  a half, 
the  thermometer  had  risen  from  32°  to 
32  J°,  in  three  minutes  to  34  J°,  in  five 
minutes  to  361°,  >n  seven  minutes  to 
3?4°,  when  it  became  stationary,  and 
soon  began  to  fall.  When  more  oil  was 
interposed  between  the  bottom  of  the 
cup  and  the  bulb  of  the  thermometer, 
the  rise  was  less ; but  even  when  its 
depth  was  three-quarters  of  an  inch, 
the  rise  was  perceptible,  amounting 
to  11  degree.  With  Mercury  the  same 
results  were  obtained,  the  thermometer 
rising,  only  with  much  more  rapidity, 
from  the  mercury  being  a better  con- 
ductor than  the  oil.” 

Dr.  Trail  (NichnUon's  Journal,  Vol. 
XII.  page  127)  a.scertained  the  relative 
conducting  powers  of  different  fluids,  by 
finding  the  length  of  time  required  to 
raise  the  temperature  of  a mercurial 
thermometer  tWee  degrees  of  Fahren- 
heit's scale,  when  placed  in  each  liquid,- 
heat  being  applied  by  means  of  a cylin- 
der of  iron  one  inch  in  diameter,  heated 
to  212°,  and  suspendetl  in  the  liquid  at 
the  distance  of  half  an  inch  from  the 
bulb  of  the  thermometer ; and  that  the 
conducting  power  of  the  vessel  might 
influence  tne  results  as  little  as  possible, 
it  was  made  of  wood.  The  thermome- 
ter placed  in 
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Mercury,  required 0 15 

Saturated  Solution  of  SuUI  „ 

phuteofSoda J ^ ^ 

Water 7 5 

Proof  Spirit 8 nearly. 

Solution  of  one  part  ofSul'.'l 

phatc  of  Iron,  in  five  V 8 0 

parts  of  Water J 

Water  of  Potassa 8 

Milk  of  a Cow 8 

Saturated  Solution  of  SuU7  g 

phate  of  Alumine. . . . J 

Alcohol  Lond.  Pharm 10 

Saturated  Solution  of  Sul* 
phate  of  Soda,  but  the 
liquid  not  touching’ > 19 
the  iron  cylinder  by 
0.  l inch;  or  nearly  so 
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The  great  difficulty  opposed  to  the 
progress  of  caloric  downwards,  and  the 
motion  of  the  particles  by  whidi  heat  is 
conveyed  through  water  upwards,  may  be 
further  illustrate  by  a few  experiments. 

Ex.  Pom-  into  a glass  tube  about 
ten  inches  long  and  one  inch  in  diameter, 
a little  water  tinged  with  litmus ; then 
fill  up  gradually  and  carefully  with  co- 
lourless water : heat  being  allied  near 
the  top,  the  coloured  liquid  will  remain 
stationaiT  at  the  bottom,  which  it  could 
not  do  if  it  were  heated  and  thus  ex- 
panded or  made  lighter ; but  w hen 
heat  is  applied  at  the  bottom,  the  co- 
loured portion  will  ascend  and  be  dif- 
fused through  the  whole. 

Ex.  Secure  a circular  piece  of  ice  to 
the  bottom  of  a cj’lindncal  glass  jar, 
about  twelve  inches  deep  and  four  wide  ; 
cover  the  ice  to  the  ui-ptli  of  two  or 
three  inches  with  water  at  32°:  on  the 
surface  of  this  water  place,  so  tlint  it 
may  float,  a wooden  box  perforated  with 
minute  holes  in  its  sides  only;  then 
pour,  gently  and  gradually,  boiling 
water  into  the  box,  until  the  Jar  is 
nearly  full— the  ice  will  remain  im 
melted  for  a veiy  considerable  time ; 
but  if  a similar  piece  of  ice  is  placed  upon 
tlie  surface,  it  will  very  quickly  be  melted. 

The  slow  conducting 
power  of  water  may  lie 
illustrated  by  the  ar- 
rangement represented 
at  Jig.  9.  A small  air- 
thermometer,  capable 
of  shewing  very  minute 
alterations  of  tempera-  j 
turc,  being  plun;^  in£ 
the  water  of  the  jar,  so  I 
that  the  bulb  may  be  a| 
little  below  the  surface  I 
ether  may  be  inflamed  1 .' 
on  tlie  surface  of  thC|  i 
water,  wittiout  affect-  [i 
ing  the  thermometer  in  j 
any  considerable  de-  | 
gree. 

The  cooling  of  water  I 
is  very  much  impeded  | 
by  a mixture  of  starch,  I 
mucilage,  or  other  sub- 1 

stances  with  it,  bn  ac- 

count  of  the  difficulty  thus  opposed 
to  the  ascending  motion  of  its  particles, 
by  which  the  heat  is  prevented  from 
reacliing  its  surface.  Thus  compounds, 
such  as  soups,  require  much  lunger 
time  to  cool  than  pure  water. 

E.V.  Tlie  circulation  of  the  particles 
of  fluid  is  very  pleasingly  sliewn  by 


heatin;^  ««t«r  in  t tube  ainrilRT  to  that 
in  the  last  experiment  but  one,  the 
water  havini;  some  particles  difiiised 
in  it  of  amber  or  otiter  Hght  substance 
not  soluble  in  wafer. 

From  these  and  similar  experiments, 
it  appears  that  the  reason  why  heat  is 
so  slowly  ditfused  through  liquids  in  a 
downward  direction,  is,  that  the  heated 
particles  being  expanded  are  rendered 
specifically  lighter  than  those  imme 
dtately  above  them,  and  therefore  im- 
mediately ascend,  without  having  had 
time  to  impart  heat  to  the  particles  below. 

Count  Kumford  also  endeavoured  to 
prove  that  the  gases  are  non-conduc- 
tors of  caloric : the  truth  of  this  con- 
clusion, however,  is  not  admitted,  but 
the  experiments  prove  that  whatever 
obstructs  the  motion  of  the  particles 
of  w,  renders  the  propagation  of  heat 
riower. 

The  facility  with  which  an  air  ther- 
mometer shews  changes  of  tempera- 
tine,  was  adduced  by  Berthollet,  to 
shew  that  air  must  be  a good  conductor 
of  heat ; and  he  refers  to  the  fact  that 
in  air-balloons  the  gas  has  been  found 
to  expand  suddenly  when  the  sun  be- 
came unclouded.  In  explaining  this 
effect,  it  appeared  to  him  impossible  that 
file  particles  of  the  gas  within  the 
balloon  could  be  so  quickly  heated  by 
coming  individually  and  successively 
into  contact  with  its  sides.  He  infers, 
therefore,  that  the  heat  must  have  been 
cuhdheted  by  the  gas  itself.  He  ac- 
cofmbi  for  the  effect  which,  it  is  acknow- 
Iftllged,  confined  ah-  has  in  retarding  the 
iomniunieation  of  heat,  by  supposing  it 
to  depend  upon  a degrM  of  compresaon 
by  which  its  expansion  is  prevented> 
a solution  not  very  satisfactory. 

It  has  been  ascertained  by  Mr.  LesGe, 
flU  boifiet  require  ditferewt  times  to 
in  Afferent  gases.  In  hydrogen 
Ae  process  of  cooling  goes  on  rajn^, 
nCt  to  quick  in  atmo^erio  air,  mid 
much  slower  in  carbonic  acid  gas. 

In  describing  the  effects  pr^uced  by 
kk)ransion,  the  agency  of  air  in  distri- 
bttthw  beat  has  already  been  adverted 
to.  The  expansion  and  consequent  as- 
cension of  successive  portions  of  air 
ftom  heated  parts  of  the  earth's  surfkce, 
occasions  a current  of  air  to  How  from 
the  poles  towards  the  equator,  near 
the  surface  of  the  earth ; a superior 
current  from  the  equator  towards  the 
poles,  modifying  and  regulating  tempe- 
rature over  the  globe. 

The  agency  of  water  is  of  equal  im- 


portance. Cold  air  passbw  over  the 
water  of  the  sea,  fimm  the  polar  regions, 
is  much  warmed  in  its  progress,  by  heat 
derived  from  the  water.  Count  Rum- 
ford  afiSrms,  that  one  cubical  foot  of 
water,  in  cooling  one  degree,  gives  out 
a sufficient  quantity  of  heat  to  raise 
the  temperature  of  a stratum  of  air 
over  it,  forty-four  times  as  thick  as  the 
water,  ten  degrees.  The  Count  enter- 
tained an  opimon  that  the  water  which 
imparts  its  heat,  and  which  descends, 
in  consequence  of  its  increased  specific 
gravity,  nows  towards  the  equator,  oc- 
casioning a current  at  the  surface,  in 
an  opposite  direction ; tending,  like  the 
currents  in  the  air,  to  moderate  the  ex- 
tremes of  temperature. 

It  is  impossible  to  consider  these,  and 
similar  silent  and  unobtrusive,  but  ex- 
tensive and  most  useful  operations,  with- 
out being  deeply  affected  by  a sense  of 
the  wisdom  and  power  by  which  they 
were  contrived  and  carriM  into  effect. 

Chaptsk  VI. 

Sadiation  of  Heat. 

When  heated  bodies  are  exposed  to 
the  air,  they  lose  portions  of  their  heat 
by  projection,  in  i^ht  lines  into  space, 
from  all  parts  of  their  surfaces.  The 
investigations  by  which  this  interesting 
property  of  caloric  has  been  made  fully 
known  are  of  recent  date;  although  it 
•was  not  entirely  unknown  at  an  earlier 
period.  In  1682  it  was  mentioned  by 
Marriotte,  in  the  Memoirs  of  the  Aca- 
demy of  Sciences  of  Paris ; he  pointed 
out  the  fact,  that  the  heat  of  a fire, 
which  is  rendered  sensible  in  the  focus 
of  a burning  mirror,  ceases  to  be  sensi- 
ble .when  a glass  is  interposed.  Having 
found  that  substances  may  be  inflamed 
at  a distance  of  tw  enty  or  twenty-four 
feet,  by  burning  charcoal  placed  betw  een 
two  concave  reflectors,  Lambert,  in 
order  to  mscerlain  if  any  part  of  the 
effect  was  occasioned  by  li^t,  collect- 
ed the  light  of  a clear  fire  liy  a large 
lens,  but  could  scarcely  discover  any 
heat  in  its  focus. 

In  the  celebrated  Treatise  on  Air 
and  Fire,  by  Scheele,  similar  experi- 
ments are  detailed,  with  important  ad- 
ditions ; the  term  Radiant  Heat,  or  heat 
flj'ing  off  like  light  in  ray*,  originated 
with  him,  as  did  also  the  knowlwlge  that 
it  passes  through  the  air,  without  heat- 
ing it;  and  that  its  direction  is  not 
changed  by  a current  of  air.  He  ob- 
served that  glass,  which  permits  the 
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light  of  a €re  to  pa^s  throngh,  inter- 
cepts the  heat;  that  a glass  mirror 
reflects  the  lii^t  without  the  heat,  ab- 
sorbing the  latter;  while  a metallio 
mirror  reflects  both  heat  and  light,  so 
that  it  is  not  quickly  warmed,  unless 
its  surflicc  be  blackened,  which  occa- 
sions it  to  absorb  the  heat. 

The  experiments  of  Lambert  were 
repeated,  and  varied  by  Sanssure  and 
Pictet.  They  used  two  concave  refleo- 


t^,  of  polished  tin  plate,  one  foot  in 
diameter,  with  a focal  length  of  four 
inches  and  a half^  they  placed  these 
twelve  feet  two  mches  distant,  and 
exactly  opposite  to  each  other.  In  the 
focus  of  one  reflector  they  placed  a ball 
of  iron,  two  inches  in  diameter,  heated 
so  as  not  to  appear  luminous  in  the  dark, 
and  in  the  focus  of  the  other  they  placed 
the  ball  of  a mercurial  thermometer, 
iflg.  10.)  The  temperature  of  the  ther- 


mometer began  to  increase  as  soon 
as  the  ball  was  put  in  its  place,  and 
continued  rising  from  4°  of  Heaumnr's 
scale  to  14)^,  which  it  did  in  six  minutes. 
Another  thermometer,  at  the  same  dis- 
tance from  the  heated  ball,  bnt  out  of 
the  focus  of  the  reflector  rose  only  from 
4°  to  64“. 

The  heated  ball  o,  (dg.  10,)  in  the 
focus  of  one  reflector,  o,  projects  heat 
from  every  part  of  its  surface ; those 
raj-s  that  proceed  towards  the  reflector 
are  intercepted  by  it,  and  in  consequence 
of  its  shape,  thty  are  again  projected 
into  space,  in  straight  nnes,  towards 
the  other  reflector  e,  by  which  they  are 
reflected,  and  brought  to  a focus  at  the 
point  where  the  thermometer  d is 
placed:  the  heat,  thus  accumulated, 
affects  the  thermometer  d,  and  makes 
it  rise. 

To  prove  that  the  thermometer  is 
not  affected  by  heat  proceeding  directly 
from  the  ball,  a plate  of  glass  may  be 
held  between  it  and  the  reflector  i, 
which  will  prevent  any  effect  from 
being  produced  upon  the  thermometer; 


or  the  plate  of  glass  may  be  held  be- 
tween the  reflector  c,  and  the  thermo- 
meter d : in  either  case  the  instrument 
will  remain  unaffected.  An  air,  or  diffe- 
rential thermometer,  (Jle.  i.  or  jijg-.  7.) 
answers  much  better  fbr  this  experiment. 

Whatever  hot  snbstance  may  be  used 
as  the  source  of  heat,  the  effect  is  the 
same,  and  is  always  in  proportion  to 
the  temperature  Of  the  body  used. 

Pictet  made  other  experiments,  some 
of  which  approached  near  to  the  dis- 
covm  of  the  different  radiating  powers 
of  different  surfhees.  When  he  used  a 
glass  concave  mirror  behind  the  ball, 
instead  of  a metallic  one,  very  little 
effect  was  produced  upon  the  thermo- 
meter. A glass  plate  covered  with 
amalgam  on  one  side,  having  its  coated 
part  presented  to  the  hot  body,  and  the 
uncoated  glass  surface  to  the  thermo- 
meter, produced  the  effect  of  3.5 ; 
the  glass  surface  l>eing  turned  to  the 
hot  body,  and  the  met^c  sur&ce  to- 
wards the  thermometer,  the  effret  was 
only  as  0.5.  When  the  metallic  side 
was  blackened  and  presented  to  the 
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heated  body,  9.9  marked  the  heating 
power.  A stitl  greater  etfect,  equal  to 
18'^,  wa.s  produced,  when  the  surface  of 
the  glass,  next  to  the  source  of  heat, 
was  blackened,  the  metallic  coating 
being  entirely  removed. 

Endeavouring  to  discover  the  velo- 
city with  which  radiant  heat  moves 
through  space,  Pictet  pieced  two  con- 
cave metallic  reflectors  opposite  to  each 
other,  at  the  distance  of  sixty-nine  feet 
apait:  he  interi)oscd  a thick  screen,  a 
few  inches  distant  from  the  focus  of  the 
mirror  in  which  the  healed  body  was  to 
be  placed,  and  an  air  thermometer  in 
the  focus  of  the  other  mirror ; the  ball, 
heated  a little  below  ignition,  being  intro- 
duced, the  screen  was  removed,  and  in- 
stantly the  thermometer  began  to  show 
an  increase  of  temperature.  When 
ttie  screen  was  again  suddenly  inter- 
posed, the  effect  proeluced  upon  the  ther- 
mometer ceased  at  the  same  moment ; 
from  wliich  experiments  he  inferred  that 
radiant  heat  moves  with  such  velocity, 
as  to  require  no  perceptible  Inten  al  of 
time  to  enable  it  to  traverse  sixty-nine 
feet  of  space.  Sir  William  Herscnel,  in 
his  investigation  concerning  the  consti- 
tution of  the  sun's  rays,  found  that  the 
different  coloured  rays  of  the  prismatic 
sjtectrum  produced  different  degrees  of 
etfect  upon  a thermometer,  the  red  occa- 
sioning the  greatest  rise  of  temperature, 
the  violet  the  least.  The  heat  of  the  red 
rays,  compared  with  that  of  the  green, 
was  considered  to  be  as  55  to  26,  and 
with  that  of  the  violet  rays  as  55  to  16. 
In  ten  minutes  a thermometer,  placed 
in  the  full  red  rays,  rose  7°  of  Fahren- 
heit's scale,  and  beyond  the  red  ray  the 
increase,  in  the  same  time,  appear»l  to 
be  nine  degrees.  These  experiments 
were  rcMatixl  and  verified  by  Sir  H. 
Englefidd.  He  discovered  also  that  in- 
visible heating  rays  exist  beyond  the 
coloured  rays,  and  imagined  tliat  the 
greatest  degree  of  heat  was  produced 
at  the  distance  of  half  an  inch  beyond 
the  red  rays.  Other  philosophers  nave 
confirmed  the  existence  of  tliese  invisible 
heating  rays,  but  M.  Berard  affirms  that 
the  greatest  heating  effect  is  produced 
witlun  the  red  ray.  The  experiments  of 
M.  Berard  on  the  sun's  rays,  (Annates 
de  Chimie,  March,  1813,  and  Annals  of 
Philosophy,  September,  1813)  were  con- 
ducted with  the  aid  of  a heliostate,*  by 
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which  he  was  enabled  to  obtain  an  im- 
movable coloured  spectrum.  In  the  dif- 
ferent coloured  rays,  of  wliich  this  spec- 
trum is  composed,  he  suspended  deli- 
cate thermometers,  and  ascertained  their 
different  heating  powers  with  accuracy. 
The  greatest  heating  effect  was  pro- 
duced upon  a thermometer,  when  its 
bulb  was  entirely  covered  by  the  red 
ray ; the  instruments  being  placed  beyond 
the  red  ray,  in  the  space  where  Sir  W. 
Herschell  imagined  the  greatest  degree 
of  heat  to  exist,  the  rise  of  temperature 
was  only  one-fifth  as  much  as  that  which 
had  been  produced  within  the  red  rays. 

The  same  philosopher  formed  a prism 
of  Iceland  spar,  which  divided  a beam  of 
light,  made  to  pass  through  it,  into  two 
similar  coloured  spectra,  the  properties 
of  which  were  the  same  as  those  of  the 
Sjiectrum  obtained  by  decomposing  light 
with  a glass  prism. 

He  also  polarized  a portion  of  the 
light  by  receiving  it  upon  glass ; tliis 
polarized  portion  lieing  intercepted  by  a 
second  glass  which  was  made  to  revolve, 
the  rays  were  then  collected  by  a mirror, 
and  directed  upon  a thermometer,  and 
it  was  found  that  as  long  as  light  was 
reflected  from  the  second  glass,  the  Icm- 
craturc  of  the  thermometer  was  raised  ; 
ut  when  the  position  of  the  second 
glass  was  such,  that  all  the  liglit  was 
transmitted,  the  whole  of  the  heat  was 
transmitted  along  with  it,  as  the  ther- 
mometer ceased  then  to  be  affected. 
The  experiments  and  discoveries  of 
Herschdl,  which  have  been  alluded  to, 
arc  published  in  the  Pliilosophical  Trans- 
actions for  1800,  as  were  also  the  ac- 
counts of  other  experiments,  by  tlie 
same  philosopher,  yet  to  lie  mentioned. 

Having  ascertained,  from  the  pheno- 
mena of  tlie  prismatic  spectrum,  the 
refraction  of  the  heating  rays  accom- 
panying light  in  the  beam,  he  deter- 
mined to  try  if  the  caloiific  rays  pro- 
jected from  a heated  body  were  also 
subject  to  refiraction.  He  placed  a lens 
near  to  a burning  candle,  having  first 
interposed  a screen,  with  an  aperture 
nearfy  of  the  same  size  as  the  lens  ; the 
rays  from  the  candle  passing  through 
this  aperture,  were  refracted  by  tlie  lens 
to  a focus,  and  in  three  minutes  raised 
the  temperature  of  a thermometer  two 
and  a half  degrees. 

Experiments  of  the  same  kind  were 
made  upon  the  rays  projected  from  a 
common  fire,  and  from  a mass  of  iron 
not  finite  heated  to  redness,  and  they 
were  found  to  be  equally  subject  to  the 
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laws  of  refraction.  A remarkable  dif- 
ference however  was  discovered  between 
the  radiant  heat  of  the  sun’s  rays  and 
that  proceeding  from  a fire,  the  former 
passmg  much  more  easily  through  a 
glass  than  tlie  latter.  Two  equally  de- 
licate thermometers  were  exposed  to  the 
rays  of  the  sun,  one  being  uncovere<l, 
and  the  other  covered  witli  ver\'  trans- 
parent glass,  having  a bluisn  white 
tinge  ; in  five  minutes  the  temperature 
of  the  uncovered  thermometer  was 
raised  from  67^  to  73®,  and  the  covered 
one  from  67®  to  714®;  by  which  it  ap- 
pears that  one  fourth  part  of  tlic  ra- 
diant heat  falling  upon  the  thermo* 
meters,  was  intercepted  by  tlie  glass 
wliich  covered  one  of  them.  When  the 
thermometer  was  covered  with  flint 
glass,  24  tenths  of  an  inch  thick,  the 
xincover^  thermometer  rose  54°  in 
five  minutes,  and  the  covered  one  5®, 
so  that  Ibwer  of  the  rays  were  inter- 
cepted by  flint  glass,  tlian  by  the  glass 
used  in  the  first  experiment.  The 
tliermomcters  were  then  exposed,  under 
the  same  circximstances,  to  tlie  rays 
of  a liglited  candle;  in  five  minutes 
tiie  one  which  was  covcrcil  with  the 
same  bluish  glass  used  in  the  first  ex- 
periment, rose  from  594  fo  fiO|,  while 
the  uncoverctl  one  rose  from  59j  to 
6i|:  in  this  last  cxpciiment  more  than 
half  the  heating  rays  proceedini;  from 
the  candle  were  stopped  by  the  glass 
of  the  covered  thermometer.  A similar 
etfect  was  produced  when  the  thermo- 
meter was  covered  with  flint  glass.  It 
is  shown  by  these  experiments,  that  the 
heating  rays  which  accompany  the  sun's 
light,  are  able  to  pass  through  glass 
with  greater  ea.se,  tJian  the  heating  rays 
which  proceed  from  a burning  body. 

I.«st  the  results  of  the  foregoing  ex- 
periments should  have  been  affected  by 
the  light  accompanying  the  heat,  the 
experiments  were  varied  so  as  to  render 
the  introduction  of  error  in  this  way  im- 
possible. Covered  and  uncovered  ther- 
mometers, as  before,  were  exposed  to 
the  influence  of  the  invisible  heating 
rays  of  tlie  prismatic  spectrum  ; in  five 
minutes  the  covered  one  rose  from  4 
to  48j’,  and  the  uncovered  one  from  48® 
to  49J.  When  the  flint  glass  was  used, 
the  increase  of  temperature  indicated  by 
both  thermometers  was  nearly  equal. 
Kxperiments  were  also  tried  on  neat 
projected  from  bodies  not  luminous; 
and  it  was  found  that  the  results  were 
very  neai  ly  the  same  when  light  was  ab- 
sent as  when  it  was  present. 
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It  was  further  ascertained  by  Her- 
schel,  that  the  different  colour^  ravs 
info  which  light  is  separated  by  the 
prism,  pass  through  different  sub- 
stances with  different  degrees  of  facility  ; 
that  the  invisible  calorific  rays,  when  se- 
parated from  light,  pass  tlu-ough  more 
readily  than  when  accompanied  l)y  light ; 
and  th.it  coloured  glass  intercciits 
more  of  the  rays  than  colourless  glass. 

The  differential  thermometer  invented 
by  Mr.  Leslie,  and  which  has  already 
described  and  represented  (Jig.  7,) 
was  of  great  use  in  his  researehes 
on  radiant  heat.  The  apparatus  used 
by  him  in  his  experiments,  consisted 
of  the  above-named  thermometer,  a 
)%hly-poIishe(I  concave  reflector  of 
tinned  iron,  and  hollow  cubes  of  tin, 
from  three  to  ten  inches,  for  the  pur- 
pose of  holding  hot  water.  One  of 
these  cubical  vessels,  tilled  with  boiling 
water,  being  placed  at  the  distance  of 
a few  feet  from  the  reflector,  and  one 
of  the  bulbs  of  the  differential  ther- 
mometer in  tlie  focus  of  the  mirror  (fig 
1 1 ),  an  instantaneous  rise  of  tempemtui  e 
is  indicated  by  the  instrument.  By  Uiis 
method  of  conducting  the  experiment, 
great  facilities  are  affonled  for  Irving 
the  radiating  powers  of  different  sur- 
faces. Mr.  Lalie  covered  one  side  of 
a six-inch  cubical  vessel  with  lamp- 
black, another  side  with  writing-paper, 
a third  side  with  glass,  and  left  the 
fourth  side  without  a covering.  The 
vessel  being  tilled  with  boiling  water, 
and  its  black  side  being  turned  towards 
the  reflector,  the  fluid  in  the  thenno- 
meter,  which  was  placed  in  the  focus  of 
the  reflector,  indicated  a rise  of  tem- 
perature equal  to  100°;  the  papered 
side  being  presented  to  the  reflector  oc- 
casioned a rise  of  98® ; the  glass  side 
90°;  and  the  metallic  side  only  12®: 
the  relative  radiating  powers  of  these 
surfaces  being  as  the  numbers  ex- 
pressing the  effects  which  tliey  pro- 
duced. 

Tlie  reflecting  powers  of  different  sur- 
faces were  also  tried  by  Mr.  Leslie.  He 
coated  the  ball  of  the  thermometer 
placed  in  the  focus  of  the  reflector  with 
tin  foil,  and  then  exposed  it  to  the  radiant 
heat  of  the  blackened  surface ; the  rise 
of  temperature  produced,  instead  of 
being  100°,  as  it  was  before  the  ball  was 
coatM  with  tin  foil,  amounted  only  to 
20°;  and  when  the  metallic  surface  of 
the  tin  vessel  was  turned  to  the  re- 
flector, the  thermometer  increased  in 
temperature  only  21°,  instead  of  1-2°,  as 
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in  a former  experiment.  Thus  it  is  distance  of  two  inches  from  the  black- 
shown  that  the  metallic  covering  of  the  ened  siur&ce  of  the  tin  cannister,  no 
baU  reflects  the  greatest  portion  of  heat  effect  was  produced  on  the  Uiermometer 
falling  upon  it,  and  therefore  that  the  in  the  focus  of  the  reflector ; nor  was 
temperature  of  the  instrument  cannot  the  result  at  all  affected  by  altering  the 
be  much  raised.  distance  of  the  screen  from  the  tin  ves- 

A glass  mirror  bang  substituted  for  sel ; the  whole  of  the  heat  being  inter- 
the  metallic  one,  and  an  imcovered  ther-  cepted  at  whatever  place  the  screen 
mometer  placed  in  Hs  focus,  when  the  iiught  be  situated  between  the  source  of 
black  surface  of  the  cubical  vessel  was  heat  and  the  thermometer.  The  same 
presented,  so  little  of  the  heat  was  re-  effect  was  produced  by  gold  lea^  al- 
flected  by  the  glass,  that  the  thermo-  though  it  is  600  times  thirmer  than  the 
meter  was  affected  in  a very  small  de-  tin  foil.  A plate  of  glass  being  inter- 
gree ; and  when  the  mirror  was  covered  posed  at  the  distance  of  two  inches  from 
with  a thin  coating  of  China  ink,  no  the  tin  vessel,  the  thermometer  shewed 
perceptible  effect  was  produced  upon  an  increase  of  tem]>erature  equal  to  20”, 
the  thermometer,  all  the  heat  being  ab-  eighty  degrees  of  the  effect,  capable  of 
sorbed  by  the  blackened  glass.  But  being  produced  by  the  blackened  sur- 
when  the  surface  of  the  mirror  was  face,  being  intercepted.  The  rise  of  tern- 
covered  with  tin  foil,  the  thermometer  perature  when  paper  was  interposal  waa 
was  ten  times  as  much  affected  as  it  about  three  degrees  greater, 
was  by  the  heat  reflected  from  the  un-  hir.  Leslie  explains  the  e&ct  result- 
covered  glass  mirror.  ing  from  radiant  heat,  by  an  hypothesis. 

It  will  appear  from  the  foregoing  ex-  peculiar  to  himselL  He  believes  air  to 
periments,  that  bodies  which  radiate  to  the  sole  agent  concerned  in  conveying 
neat  most  effectually,  absorb  it  in  the  heat  in  these  experiments.  A poraon 
same  proportion  ; and  those  which  are  of  air  coming  into  contact  with  the  heat- 
the  best  reflectors  of  heat  have  the  least  ed  sur&ces  is  suddenly  expanded,  and 
radiating  power.  communicates  the  impulse  which  is  thus 

Mr.  Leslie  made  an  extensive  series  imparted  to  it,  along  with  a portion  of 
of  experiments  on  the  powers  of  di%r-  its  newly-acquired  heat ; and  the  par- 
ent bodies  to  intercept  radiant  calorio.  tides  continuing  to  be  thus  acted  upon 
A frame  similar  to  that  represented  at  in  succession,  the  heat  is  conveyed 
1 0,  being  adapted  to  receive  various  througii  space,  with  the  swiftness  of 
substances,  it  is  maced,  when  each  sub-  sound,  by  a series  of  undulations  or 
stance  is  applied,  in  the  manner  of  a wavering  motions  so  produced.  These 
screen,  between  the  tin  vessd  and  the  undulations  being  extended  to  the  mir 
reflector.  When  a sheet  of  tin  foil  was  ror,  they  are  reflected  and  brought  to  a 
attached  to  the  frame,  and  placed  at  the  focus.  He  contends  that  when  glass  o« 
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p^>er  is  interposed,  the  effect  produced 
upon  the  thermometer  is  not  produced 
by  portions  of  radiant  heat  passing 
through  these  substances,  but  Dy  the 
undulations  before  mentioned,  which 
convey  a portion  of  the  beat  given  out 
from  Uie  tin  vessel ; and  the  screen  being 
heated  by  this  process,  it  also  gives  out 
heat,  occasioning  new  undulations  on 
the  side  nearest  to  the  reflector,  by  which 
heat  is  conveyed  to  it.  and  Anally  to  the 
bulb  of  tlie  thermometer  in  its  focus. 

This  view  of  the  subjret  is  supported 
by  other  experiments.  Mr.  I.eslie  found 
that  when  a thin  sheet  of  ice,  which  can- 
not have  its  temperatiue  raised,  was  in- 
terposed, no  heat  was  imparted  to  Uie 
thermometer. 

Two  panes  of  glass  were  coated  on 
one  side  with  tinfoil.  'When  th^  were 
both  placed  in  the  screen,  with  the  tin- 
foil inwards,  so  that  one  of  the  unco- 
vered surfaces  of  the  glass  was  next  the 
source  of  heat  and  the  other  towards 
the  reflector,  the  thermometer  was 
elevated  in  temperature  18° ; but  whra 
the  plates  of  glass  were  so  placed  in  tlie 
screen  as  to  have  their  uncovered  sur- 
faces inwards,  and  their  metallic  surfaces 
presented  to  the  cubical  vessel  and  the 
reflector,  no  effect  whatever  was  pro- 
duced upon  the  thermometer. 

Mr.  Leslie  contends,  that  since  the 
resistance  opposed  to  the  passage  of 
radiant  beat  m both  these  experiments 
was  precisely  the  same,  the  effect  must 
be  accountra  for  in  some  other  way 
than  by  supposing  a portion  of  heat 
capable  of  passing  through.  In  the 
first  experiment  with  the  compound 
screen,  surfaces  were  presented  which 
bad  the  power  of  receiving  and  emitting 
heat ; the  screen  was  heated,  therefore, 
by  the  undulatory  process,  and  the  heat 
which  was  emitted  was  convey  to  the 
reflector  in  the  same  way.  But  when 
the  metallic  surfaces  of  the  compound 
screen  were  exposed,  heat  could  not  be 
received  readily,  and  if  it  had  been  re- 
ceived, it  could  not  readily  have  been 
imparted ; the  effects  of  the  undulations 
could  not,  therefore,  extend  beyond  the 
screen. 

It  is  not  necessary,  however,  to 
adopt  Mr.  Leslie's  theory  in  explaining 
these  experimeots,  as  they  admit  of  an 
equally  plausible  explanation  accord- 
ing to  the  usual  theory  of  radiant  heat. 
Admitting  the  possibility  of  the  undu- 
lations supposed  by  NIr.  Leslie,  it  is 
difficult  to  imaghm  by  what  agency  ca- 
loric is  transfeiTed  so  rapidly  from  par- 


ticle to  partiole ; espedally  as  the  pro- 
pagation of  heat  through  elastic  fluids 
IS  usually  so  slow.  This  theory  is  at 
variance  with  the  results  obtained  by 
the  exneriments  of  Herschel  and  Be'- 
rard.  it  is  an  essential  part  of  the 
hypothesis  idluded  to,  that  these  pulsa- 
tory undulations  are  incapable  of  exist- 
mg  in  a vacuum,  and  consequently  that 
beat  cannot  pass  through  a vacuum,  as 
its  propagation  dqiends  upon  the  agency 
of  air. 

The  experimeots  of  MM.  Dulong 
and  Petit,  are  hostile  to  this  part  of  the 
theory,  the  overthrow  of  wmch  mu.st 
destroy  the  whole ; and  an  experiment 
of  Sir  H.  Davy,  now  to  be  described, 
seems  quite  conclusive  against  it  A 
piece  of  platinum-wire  was  heated  by 
voltaic  electricity  within  a receiver 
C/fg.  12,)  contaiiung  concave  reflectors 
fig.  1*. 


with  a thermometer  iVi  the  focus  of  one 
of  them,  tlie  heated  wire  being  in  the 
focus  of  the  other.  The  effect  was  first 
tried  in  air  of  the  natural  density, 
and  then  repeated  when  tlie  receiver 
w as  exhaustnl  to  lUth  part  of  what  it 
contained  before ; the  temperature  of 
the  thermometer  was  three  times  as 
much  raised  when  the  receiver  was  thus 
exhausted,  as  when  it  contained  air  in 
its  natural  state.  A similar  result  was 
obtained  by  the  ignition  of  charcoal 
under  the  same  circumstances. 

Mr.  T.,esUe,  Count  Humford,  and 
others,  have  made  numerous  experi- 
ments on  the  cooling  of  bodies  under 
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difTerent  circumstances,  illustrative  of 
the  radiation  of  heat. 

Count  Rumford  found  that  a thermo- 
meter suspended  in  a Torricellian  vacu- 
um, required  ten  minutes  twelve  seconds 
to  cool  from  190“  of  Fahrenheit  to  68“. 
When  surrounded  with  atmospheric 
air  confined  in  a vessel,  having  the 
some  extent  of  space  as  the  vacuum, 
it  required  only  six  minutes  eleven 
seconds : proving  that  the  air  facili- 
tates refriraration. 

Two  hollow  tin  globes,  one  of  which 
was  painted  with  lamp-black,  and  the 
other  left  bright,  were  filled  with  warm 
water  and  exposed  l)y  Mr.  Leslie  to 
the  influence  of  air,  in  different  states 
of  motion.  A gentle  breeze  occasioned 
the  bright  globe  to  lose  half  its  heat 
in  44  minutes,  the  painted  one  lost  the 
same  quantity  in  33  minutes.  Exposed 
to  a strong  breeze,  the  times  of  cooling 
were  23  minutes  and  20}  minutes  ; and 
a vehement  breeze  occasioned  them  to 
cool  in  0}  minutes  and  9 minutes. 
Tlie  influence  of  currents  of  air  in  ac- 
celerating the  cooling  of  bodies,  is 
clearly  sliown  by  these  experiments. 

Mr.  I^slie  filled  a hollow  globe  of 
tin,  having  a thermometer  inserted  in 
it  with  warm  water,  and  marked  its 
time  of  cooling,  from  30“  of  the  centi- 
grade scale  to  23“  of  tlic  same  scale, 
to  be  150  minutes;  when  tlie  globe 
was  covered  with  lamp-black,  it  re- 
quired only  81  minutes  to  cool  the 
same  number  of  degrees. 

A tin  vessel,  covered  with  a thin 
coating  of  isinglass,  lost  its  heat  by 
radiation  much  , more  rapidly,  and  the 
rapidity  of  the  cooling  was  greater  in 
proportion,  as  the  coating  of  isinglass 
was  thicker. 

When  heated  bodies  are  immersed 
in  water,  the  nature  of  their  surfaces 
docs  not  affect  their  rates  of  cooling, 
because  radiation  does  not  take  place 
under  the  surface  of  that  fluid. 

Tli'e  times  of  cooling  heated  bodies 
was  found  to  l>e  different  in  different 
gases.  Mr.  Dalton  shows  that  a ther- 
mometer immersed  in 

Scoondi. 

Carbonic  acid  gaa,  (cooled  in)  1 1 2 

Sulphuretted  hydro^n  and  ni-1 


trout  oxide J 

Olefiant  pas 100 

Common  nir,  02otic,  and  oxy-)  jqq 

gen  pas J 

Nitrous  pas 90 

Coat  pas > 70 

Ilydropeo 40 


The  times  of  cooling  are  different, 
also,  according  to  the  of  densi^ 

of  the  pas  in  which  a body  is  immersed, 
the  coolinp  proceeding  most  slowly 
when  the  densiW  is  lea^.  Mr.  Leslie 
ascribes  the  different  rates  of  cooling 
in  the  different  ^ases,  to  the  different 
conductings  powers  of  these  gases. 

The  radiating  power  of  different 
substances  in  atmospheric  air,  are 
stated  by  the  same  philosopher  as 
follows. 

Secood* 


I^mp>b1ack ... . 100 

Writing-papor 98 

Scaling-xvax  . . . 95 

Crown-glaM 90 

China*lnk  .......  88 

Ice 85 

Hod- lead  ...  80 

Plumbago «...  75 

Iiinglasa 75 

TarnUhod  lead 45 

Clean  lead 19 

Tin-piatc 18 

Gold,  silver,  and  copper  ........  IS 


Several  important  suggestions  arise 
from  a review  of  the  doctrines  of  radiant 
heat.  Whenever  it  is  necessaiy  to  the 
complete  success  of  any  operation  that 
the  neat  of  a fluid  should  be  retained 
for  a considerable  length  of  time,  tlie 
vessel  containing  that  fluid  should  have 
bright  metallic  surfaces,  as  such  sur- 
faces have  least  radiating  power : thus, 
water  in  bright  metallic  coffee  or  tea 
pots  w ill  be  more  effectual  in  extracting 
the  strength  of  tea  and  coffee  than  it 
would  be  if  contained  in  vessels  of  any 
other  kind. 

In  heating  an  apartment  with 
steam,  it  would  be  absurd  to  use  black 
pipes  for  conveying  the  steam ; bc- 
cause,in  that  case, much  of  its  heat  would 
escape  by  radiation,  before  it  arrived 
at  its  place  of  destination:  the  pipes 
should  be  of  bright  metal.  It  would 
be  emially  absurd  to  make  the  pipes, 
intenueil  to  distribute  heat  to  the  air 
of  the  apartment,  bright,  because  such 
pipes  would  defeat  the  object  in  view 
uy  retaining  the  heat ; black  pipes 
w ould  here  answ’er  the  best. 

Vessels  intended  to  receive  heat  in  the 
operation  of  cookery  and  in  those  of  the 
arts,  should  not  be  bright,  because 
bright  surfaces  reflect  and  do  not  ab- 
sorb heat ; and  it  may  be  considered  as 
a useful  proyierty  of  the  fuel  which  we 
generally  use,  that  it  blackens  the  s^- 
faces  of  metallic  vessels  in  heating 
them. 
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The  properties  of  different  colours  in 
absorbmf^t  refiectinff.  and  radiating  heat 
are  well  worthy  of  attention  in  regu- 
lating our  sununer  and  winter  clothing. 
Since  dark  colours  have  been  proved  by 
the  experiments  of  Dr.  Franklin,  Mr, 
Leslie,  Sir  H.  Davy,  and  others,  to  ab- 
sorb heat  in  a much  greater  degree 
than  the  lighter  colours,  it  does  not 
seem  advisable  to  use  dark-coloured 
clothes,  particularly  black,  as  summer 
clothing,  on  account  of  the  power  that 
such  dark  colours  have  of  absorbing 
the  heat  of  the  sun's  rays.  Since  those 
surfaces  that  absorb  heat  most  abun- 
dantly, also  radiate  most  freely,  the 
propriety  of  using  dark-coloured  clothes 
in  winter,  may  admit  of  being  ques- 
tioned. 

If,  instead  of  the  heated  body  in  the 
arrangement  shown  at  Jig.  1 0,  we  sub- 
stitute a mass  of  ice,  the  effect  will  be 
the  reverse  of  what  it  was  before,  the 
temperature  of  the  thermometer  being 
rapidly  reduced  : this  used  to  be  called 
the  radiation  of  cold,  and  was  ascribed 
to  the  effect  of  a frigon/ic  or  cooling 
principle,  the  existence  of  which  has 
long  ceasetl  to  be  believed.  Consider- 
able difficulty  has,  however,  been  ex- 
perienced in  giving  a perfectly  satisfac- 
tory explanation  of  this  remarkable 
phenomenon.  Mr.  Leslie  explains  it  in 
accordance  with  his  theory  ot  pulsatory 
undulations  in  the  air,  by  supposing 
that  a portion  of  heat  being  abstracletl 
by  the  cold  body  from  the  nir  nearest 
to  it,  the  air  so  cooled  is  suddenly  con- 
tracted, which  occasions  the  com- 
mencement of  a scries  of  pulsations 
accompanied  with  a discharge  of  lieat 
to  the  cold  surface.  Explanations  in- 
tended to  agree  with  the  usual  theory  of 
racliant  heat  have  been  given  by  Pictet, 
Provost,  and  Martin.  Tlie  prevailing 
opinion  is,  that  the  jihenomenon  may 
lie  explained  by  supposing  that  it  arises 
from  radiation  of  heat  in  an  opposite 
direction ; the  thermometer  m this 
case  being  the  hotter  body.  Bodies  ex- 
posed to  the  air  are  all  supposed  to  ra- 
diate heat,  at  whatever  tempenxlurcs 
they  may  be ; and  their  temperatures  are 
raised  when  they  receive  more  than  they 
radiate,  and  depressed  when  they  radi- 
ate more  than  they  receive.  Both  the  ice 
and  tlie  thermometer  ra<liate  towanls  the 
reflectors,  before  which  they  are  placed ; 
but  the  temperature  of  the  ice  being 
lower  than  that  of  the  thermometer, 
H radiates  less  towards  the  thermome- 
ter, than  that  does  towards  the  icc;  con- 
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scquently.  the  temperature  of  the  ther- 
mometer is  reduced. 

Chapter  VII. 

0/  Specific  Caloric  and  of  the  different 
Cajiacities  of  Boiiice for  Heat. 

The  first  experiments  in  the  investi- 
gation of  this  suhjwt  were  made  by 
Fahrenheit,  at  the  desire  of  Boerhaave. 
Equal  quantities  of  the  same  fluid,  such 
as  water,  oil,  or  alcohol,  being  mingled 
together  at  different  temperatures,  a 
common  temperature  resulted  ; half  the 
excess  of  heat  contained  in  one  portion 
being  speedily  imparte<l  to  the  other, 
until  both  became  hot  alike : but,  when 
fluids  of  different  kinds  were  mingled 
together,  at  different  temperatures,  very 
difl'erent  effects  were  obsened.  Water 
and  quicksilver,  in  equal  bulks,  added 
to  each  other,  the  water  being  hottest, 
gave  a mixture,  tlie  heat  of  wliich  was 
higlicr  than  the  medium  between  the 
two : when  the  quicksilver  was  most 
heated  before  mixture,  the  resulting  tem- 
pwature  was  lower  than  the  metlium. 
Three  pads  by  volume  of  quicksilver 
mixed  with  two  of  water,  at  different 
temperatures,  gave  a mean  temperature ; 
as  when  e(pial  volumes  of  water  heated 
to  different  degrees  are  mixed  together. 

Boerhaave  judged  from  these  experi- 
ments that  heat  is  not  distributed 
through  bodies  in  proportion  to  their 
quantity  of  matter,  since  the  effect  pro- 
duced by  a quantity  of  mercury  in 
raising  temperature  is  considerably  less 
than  that  of  the  same  bulk  of  water, 
although  the  former  is  thirteen  times 
heavier  than  the  latter. 

Another  inference  was  most  inaccu- 
rately drawn,  by  Boerliaavc,  from  these 
exj>eriments.  Convinced  that  heat  is 
not  distributed  among  different  bodies 
in  proportion  to  the  quantity  of  matter 
in  each,  he  concluded,  in  opposition  to 
the  very  experiments  from  which  he 
drew  the  conclusion,  that  heat  is  distri- 
buletl  in  proportion  to  the  sj)ace  occu- 
pied by  eacn  body ; and  tlie  same 
opinion  was  adopted,  without  examina- 
tion, by  Musclienbroeck. 

Tl\e  labours  of  Black,  Wiicke,  In  ine, 
Crawford,  Lavoisier,  Gadoliu.  and  other 
philosophers,  were  applied  to  this  diffi- 
cult department  of  science,  and  the  re- 
sult obtained  tended  to  prove  that  equal 
weights  or  volumes  of  ditfeient  bq<lie§ 
contain  unequal  quantities  of  caloric  at 
any  given  temperatui'e. 
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The  experiments  by  which  this  has 
usually  been  determinw,  are  similar  to 
those  iready  mentioned.  Equal  portions 
of  the  same  fluid  at  ditferent  tempera- 
tures being  mingled  together,  the  mean 
temperature  results ; but  when  two 
bodies  of  different  kinds  are  used,  the 
resulting  temperature  is  never  the  mean 
between  the  two ; as,  when  a pound  of 
water  heated  to  156°  is  mixed  with  one 
pound  of  quicksilver  at  40°,  the  tem- 
perature produced  is  152°  instead  of  96°, 
the  exact  mean. 

In  this  experiment  the  water  loses 
four  degrees  of  temperature,  and  tlie 
quicksilver  gains  one  hundred  and 
twelve  degrees ; by  which  it  is  proved 
that  the  quantity  of  caloric  which  is 
capable  of  raising  one  pound  of  quick- 
silver from  40°  to  152°  is  the  same  as 
that  which  is  required  to  raise  one 
pound  of  water  from  152°  to  156°;  or,  in 
other  words,  that  the  same  quantity  of 
heat  which  raises  the  temperature  of 
one  pound  of  water  four  degrees,  raises 
tlie  same  weight  of  quicksilver  one 
hundred  and  twelve  degrees.  On  tliis 
account  it  is  said  tliat  the  capacity  of 
water  for  heat  is  to  the  capacity  of 
quicksilver  for  the  same,  as  28  to  1. 

Tlie  experiment  being  reversed  by 
mixing  one  pound  of  quicksilver,  heated 
to  156°,  with  one  pound  of  w,ater  at  40°, 
the  resulting  temperature  will  be  44°; 
the  water  acquiring  an  increase  of  4°, 
while  the  quicksilver  loses  1 1 2°. 

A pound  of  gold  heated  to  150°  was 
quickly  added  to  a pound  of  water  at 
50°,  by  Dr.  Black;  the  temperature  of 
the  whole  became  55°,  the  gold  losing 
95°  and  the  water  gaining  5°,  making 
the  capacity  of  the  gold,  compared  with 
that  of  the  water,  as  1 to  19. 

Tlie  general  rule  given  for  flnding,  by 
calculation  combined  with  experiment, 
the  relative  capacities  of  different  bodies 
is  as  follows : — 

“ Multiply  the  weight  of  each  body  by 
the  mimlier  of  degrees  between  its  origi- 
nal temijeratnre  and  the  common  tem- 
perature obtained  by  Uieir  mixture; 
the  cap.acitics  of  the  bodies  will  be  in- 
versely as  the  products.”  Or,  if  tlie 
bodies  be  mingled  in  unequal  quantities, 
“ the  capacities  of  the  bodies  will  be 
reciprocally  as  the  quantities  of  matter 
multiplied  into  their  respective  changes 
of  temperature." 

If  we  compare  the  quantities  of  calo- 
ric which  are  necessary  to  raise  equal 
volumes  of  different  substances  to  any 
given  temperature,  they  will  also  be 


found  different:  water  requires  more 
than  twice  as  much  caloric  to  raise  its 
temperatureanygiven  number  ofdegrees, 
as  the  same  volume  of  mercury  requires. 

A variety  of  different  methods  have 
been  used  for  the  purpose  of  ascertain- 
ing the  capacities  of  bodies,  by  finding 
the  comparative  quantities  of  caloric 
which  they  contain  at  different  tem- 
peratures. The  method  of  Wilcke,  who 
operated  on  solid  substances,  was  to 
suspend  given  weights  of  them,  by 
tlireads,  in  boiling  water,  until  they  ac- 
quired the  same  teiniierature ; they 
were  then  suspended  in  cold  water,  and 
the  quantity  of  heat  impar  ted  to  the  water 
carefully  calculated. 

It  also  occurred  to  him  that  tlie  spe- 
cific heat  or  comparative  quantities  of 
caloric  existing  in  bodies  at  given  tem- 
peratures, might  be  ascertained  by  the 
quantities  of  ice  or  snow  capable  of 
being  melted  by  each ; but  this  method 
proved  unsatisfactory,  chiefly  on  account 
of  the  great  difficulty  in  detei-mining  how 
much  of  the  water  produced  remained 
adhering  to  tlie  unmelted  portions  of  ice 
or  snow. 

An  instrument  called  a Calorimeter 
was  invented,  and  used  in  similar'  inves- 
tigations, by  Lavoisier  and  La  Place, 
in  this  instrument  there  are  three  ves- 
sels within  one  another,  the  innermost 
of  which  n,  (ytg.  1.3)  is  of  ojien 
wire-work,  and  is  for  holding  the  body 
on  which  experiments  aie  to  lie  made  ; 
it  is  figured  upon  a larger  scale  at  u 2 : 
it  rests  upon  bars  of  iron,  which  com- 
municate with  the  interior  of  the  middle 
vessel  h\  into  this  vessel  the  ice  is 
put,  broken  small,  that  it  may  be  more 
readily  acted  upon  by  the  heat  of  the 
body  placed  in  Uie  interior  cage ; the 
water  produced  passes  through  a grating 
at  the  bottom,  and  is  conveyed  by  the 
piped  into  a vessel e placed  to  receive 
it.  The  third  ves.sel  c is  intended  to 
hold  ice  and  water,  to  prevent  the  tem- 
perature of  the  atmosphere  from  aftcct- 
mg  the  experiment  by  surrounding  the 
ice  to  lie  racrated  upon  by  a temperature 
of  32°.  The  cage  has  its  own  cover/; 
and.  in  addition,  the  whole  apparatus  is 
furnished  vvilh  a double  cover  g,  capa- 
ble of  holding  pounded  ice. 

Tlie  instrument  being  prepared,  a 
heattal  body,  the  temperature  of  which 
is  ascertained,  is  put  into  the  cage, 
where  it  remains  until  it  is  cooled  to 
32° ; the  heat  given  out  by  the  bovly  is 
then  estimated  by  the  quantity  of  water 
produced. 
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According  to  Lavoisier  and  La  Hacc, 
as  much  heat  is  absorbed  by  one  pound 
ef  ice  in  melting,  as  would  raise  the 
temperature  of  the  same  weight  of  water 
135°  of  Fahrenheit's  scale.  By  numer- 
ous experiments  with  this  apparatus, 
they  ascertained  tlie  ccmparative  ouaii- 
tilies  of  caloric  evolved  by  difoent 
bodies  in  passing  from  one  temperature 
to  another,  by  which  the  comparative 
quantities  contained  were  also  made 
known. 

■When  a liquid  was  operated  upon,  it 
was  put  into  a glass  mattrass,  allow- 
ance being  made  for  the  effects  of 
the  glass,  and  suspended  in  the  wire 
cage ; and  when  gases  were  subjected  to 
experiment,  they  were  made  to  pass 
through  a spiral  tube  enclosed  within 
the  wire  cage,  the  tube  being  furnished 
with  a thermometer  at  each  end. 

To  prevent  the  contents  of  the  outer 
vessel  from  being  frozen  in  experiments 
made  with  this  apparatus,  it  is  neces- 
sary that  the  tempCTature  of  the  exter- 
nal air  should  be  a little  above  32° ; for, 
if  the  outer  vessel  shoidd  be  cooled  be- 
low that  point,  it  would  absorb  heat 
from  the  middle  vessel,  and  thus  inter- 


fere with  the  result  of  tlie  experiment ; 
but  the  temperature  should  not  be  more 
than  ten  or  twelve  degrees  higher  tlian 
the  freezing  point ; for,  in  that  case,  the 
air  within  the  apparatus  being  heavier 
than  the  external  air,  it  would  descend 
and  escape  by  the  water-tube  at  the  bot- 
tom, occasioning  a current  of  air  to 
pass  through  ue  instrument,  which 
would  melt  a portion  of  the  ice,  mde- 
pendently  of  the  heat  intended  to  melt 
it. 

Mr.  Wedgewood  pointed  out  two 
sources  of  inaccuracy  in  tlie  use  of  this 
apparatus ; one  of  which  arises  from  a 
portion  of  tlie  water  produced  by  the 
melting  of  the  ice  being  retained  by  ca- 
pillary attraction,  among  tlie  pores  of 
the  unmelted  ice,  making  the  quantity 
obtained  less  than  it  ought  to  be. 
Endeavouring  to  remedy  tills  source 
of  error,  Lavoisier  and  La  Place  ex- 
posed the  pounded  ice,  for  some  time, 
to  the  atmosphere,  before  the  experi- 
ment began,  that  the  pores  might  be 
filled  with  water.  It  was  also  shown 
by  'Wedgewood,  that  while  the  process 
of  thawmg  u going  on  in  the  upper 
part  of  the  middle  vessel,  the  water 
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freezes  again  while  filtrating  through  the 
ice  in  the  lower  part  of  it ; a circum- 
stance verj'  unfavourable  to  the  accu- 
raw  of  the  experiment. 

It  occurred  to  Mever,  that  the  cora- 

f)arative  quantities  ot  caloric  existing  in 
)oilies  may  l>e  ascertained,  byr  marking 
Hu*  times  which  equal  quantities  of  them 
rerjuire  to  cool  a certain  number  of  de- 
grees, accounting  their  capacities  to  be 
as  these  times,  estimated  by  the  volume ; 
or,  if  divided  by  the  specific  gravity  of 
the  substance,  giving  tlie  capacity  as 
estimated  by  the  weight.  This  plan  has 
been  used  oy  Leslie  and  Dalton,  who 
consider  it  less  liable  to  objection  than 
any  of  the  preceding,  altliough  it  might 
easily  be  shown  that  its  accuracy  is  very 
doubtful. 

Great  difficulties  are  opposed  to  the 
investigation  of  the  comparative  quan- 
tities of  caloric  belongmg  to  elastic 
fluids  at  ditferent  temperatures,  Tlie 
method  by  which  this  investigation  has 
been  most  frequently  pursued,  is  to 
watch  the  degrees  of  heal  imparted,  by 
given  portions  of  these  elastic  fluids, 
cooling  through  a certain  range  of  tem- 
perature ; and,  notwithstanding  the 
difficulties  alluded  to,  Dr.  Crawford  is 
believed  to  have  made  near  approxima- 
tions to  truth,  in  his  numerous  delicate 
and  ingenious  experiments. 

Mr.  t^eslie  proposed  to  ascertain  the 
capacities  of  elastic  fluids  by  the  follow- 
ing method : — ^Tlie  capacities  of  clastic 
fluids  for  heat  being  increased  by  ra- 
refaction, he  proposed  to  exhaust  a 
receiver,  by  the  air-pump,  of  a portion 
of  its  air  ; the  receiver  having  a delicate 
thermometer  suspended  within  it,  and 
the  apparatus  being  allowed  to  acquire 
the  temperature  of  the  room,  more  air 
is  admitted,  which  occasionii^  the  con- 
densation of  the  rarefied  air,  its  capacity 
is  reduced,  and  heat  consequently  set 
free.  By  repeating  the  expmmeni  se- 
veral times,  with  common  air,  and  then 
by  comparing  the  effect  produced  upon 
otiicr  gases,  with  that  produced  upon 
common  air,  Mr.  Leslie  thinks  that  the 
capacities  of  elastic  bodies  in  general 
might  be  ascertained.  This  plan  has 
l)cen  strongly  objected  to  by  M.  Gay 
Lussac,  who  believes  it  to  be  incapable 
of  accuracy. 

It  appears  from  the  experiments  of 
the  last-named  philosopher,  that  a part 
of  the  heat  in^lr.  Leslie's  process  is 
derived  from  the  g;is  that  is  permitted 
to  enter  into  the  receiver  after  Uie  ra- 


refaction, by  which  the  results  obtained 
would  be  materially  affected.  It  also 
appeared  to  M.  Gay  Lussac,  that  some 
utiKnown  circumstances  must  have 
misled  Mr.  Leslie  in  judging  of  his  ex- 
periments, since  similiu*  experiments 
made  with  great  care  by  tlie  Frendi 
philosopher  gave  different  results.  Mr. 
I^slie  inferred,  from  the  experiments 
alluded  to,  that  the  specific  heats  of  hy- 
drogen gas  and  common  mr,  in  equal 
volumes,  are  the  same.  Gay  Lussac, 
in  operating  upon  these  elastic  fluids 
according  to  Mr.  I^eslie’s  method,  ob- 
served a considerable  difference  in  the 
effects  produced  upon  them ; and,  witli- 
out  coming  to  a positive  decision,, 
thought  there  is  reason  to  conclude,, 
that  tiie  specific  heat  of  equal  volumes 
of  the  different  gases  is  inversely  as 
their  specific  gravity ; and  of  the  same 
gas  directly  as  its  density. 

For  tlie  purpose  of  determining  the 
specific  heats  of  clastic  fluids.  Gay 
Lussac  contrived  that  a hot  current  of 
one  should  meet  a cold  current  of 
another  gas,  in  the  centre  of  a small 
reservoir  containing  a thennometer ; 
tlie  temperature  of  the  mixture  was 
then  ascertained ; and  knowing  also  the 
temperature  of  each  before  they  were 
permitted  to  mix,  it  was  easy  to  infer 
the  ratio  between  their  respective  spe- 
cific heats. 

The  capacities  of  numerous  gaseous 
bodies  have  been  calculated  by  Mr. 
Dalton  upon  a plan  peculiar  to  himself, 
and  which  is  founded  upon  the  supposi- 
tion tliat  the  ultimate  particles  of  ail  elas*- 
tic  fluids  contain  the  same  quantity  ef 
heat  under  the  same  pressure  and  tempe- 
rature. The  following  Table  gives  nis 
results : — 


Hydrogen  gas 9.389 

Azotic  gas 1.866 

Atmospiieric  air * 1.759 

Ammonia 1.555 

OlcHant  gas  1. 555 

Oxygen 1.S.S5 

Carburellod  hydrogen 1.833 

Aqueous  vapKiur I . )6«> 

Vapour  of  eltier O.Nt8> 

Nitrous  gas 0.777 

Oxide  of  carbon 0.777 

Vapour  of  alcohol 0.586 

Sulpdiurctted  hydrogen  0.585 

Nitrous  oxide  gas 0.549* 

Vapour  of  nitric  acid 0.491 

Carbonic  acid  0.491' 

Muriatic  acid 0.4Si 


Beraid  and  Dclaroche  caused  a uni- 
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form  ««rrent  of  »ny  gas,  the  specific  sidered  as  an  uniform  source  of  heat, 
heat  of  >yhich  was  to  be  ascertained,  to  and  the  water  in  the  cylinder  as  the 
issae  Irora  a gasometer,  and  pps  body  heated.  Of  course,  if  we  repeat 
through  a pine  forty  inches  long,  which  the  same  experiment  upon  each  of  the 
was  inclosed  in  a larger  pipe,  con-  gases,  each  current  will  raise  the  tem- 
stantly  filled  with  the  steam  of  boiling  perature  of  the  cylinder  to  a fixed  point, 
water,  by  which  it  was  heated ; and  its  where  it  will  remain  stationary : and  it 
temperature  being  determined,  it  was  follows  from  the  principles  announced 
made  to  pass  slowly  through  a spiral  above,  that,  reckoning  from  this  point, 
tube,  immersed  in  a quantity  of  cold  the  excess  of  the  temperature  of  the 
water ; the  cylindrical  vessel  contain-  cylinder  above  that  of  the  ambient  air, 
ing  the  water,  and  the  spiral  tube,  will  be  proportional  to  the  quantity  of 
being  called  the  calorimeter.  When  heat  given  out  by  the  current  of  gas 
the  gas  issued  from  this  tube,  its  tem-  that  passed  through  the  cylinder, 
perature  was  indicated  by  a thermo-  Hence,  we  shall  obtain  by  this  method, 
meter  at  the  extremity,  to  be  always  with  great  exactness,  the  relative  spe- 
the  same  as  the  water  in  the  calori-  cific  heats  of  the  gases  sul^ected  to  this 
meter ; and  the  specific  heat  of  the  gas  kind  of  experiment.  There  are  like- 
operated  upon  was  judg^  of  by  the  de-  wise  two  methods  of  comparing  them 
gree  of  heat  which  it  imparted  to  the  with  water.  The  first  consists  in  sub- 
water in  being  cooled  to  the  same  tem-  jecting  the  cylinder  which  we  call  the 
perature.  calorimeter  to  the  action  of  a current  of 

An  extract  from  a translation  of  the  water,  perfectly  regular,  and  so  slow 
memoir  in  which  the  researches  alluded  that  it  will  hardly  produce  a greater 
to  were  made  known,  will  assist  in  effect  than  the  current  of  the  different 
giving  a clear  idea  of  the  methods  by  gases.  The  second  method  consists  in 
which  Berard  and  Delaroche  estimated  determining  by  calculation  the  real 
the  specific  heats  of  different  gases,  quantity  of  heat  which  the  calorimeter. 
Speaking  of  their  calorimeter,  they  say,  come  to  its  stationary  temperature,  can 
“Now,  let  us  conceive  a thin  copper  lose  in  a given  time  ; for  since,  after  it 
cylinder,  six  inches  long,  and  three  in  reaches  this  point,  it  does  not  become 
diameter,  filled  with  distilled  water,  hotter,  thou^  the  source  of  heat  con- 
aud  traversed  by  a serpentine  of  about  tinues  to  be  applied  to  it,  it  is  evident 
five  feet  in  length,  forming  eight  spiral  that  it  loses  as  much  heat  as  it  re- 
turnings, the  two  ends  of  which  open  ceives."  Annalt  of  Philotophy,  vol.  ii. 
without  the  vessel,  the  one  at  the  top  page  212. 

and  the  other  at  the  bottom.  If  we  The  ingenious  and  delicate  arrange- 
make  a regular  current  of  gas  traverse  ment  used  by  Delaroche  and  Berard 
this  serpentine,  maintain^  before  its  in  the  experiments,  is  shown  at  fg. 
entrance  at  an  elevated  and  constant  14:  o is  the  vessel  for  containing  the 
temperature,  this  current  may  be  con-  water,  so  contrived,  that  an  uniform 
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supply  is  made  to  pass  through  the 
svphon  tul?e  ft,  into  the  funnel  c,  and 
thence  into  the  tube  d,  which  is  en- 
closed in  a larger  one  supplied  with 
steam  from  the  furnace  /;  the  water, 
passing  through  the  tube  g,  imparts  its 
temperature  to  the  thennometers  placed 
in  it ; it  then  enters  at  the  bottom  of 
the  calorimeter  h,  and  traversing  the 
spiral  tut«!  passes  out  by  the  tune  o, 
and  drops  into  the  graduated  tube  p. 

The  results  obtained  by  Delaroche 
and  Beranl  are  contained  in  the  follow  ■ 
ing  Table,  the  specific  heat  of  atmos- 
pheric air  being  considered  1 ,000 : — , 

K<]nal  Speriijo 

Volume*.  Weight!.  OrtlTHjr. 


Air 1.0000  1.0000  1.0000 

llvdrogen 0.903S  18.S401  0.0782 

Carbonic  acid  1.2.’>83  0.8i80  1.5196 

Oxygen 0.97Co  0.8818  1.I0S6 

Azole 1.0000  1.0.118  O.OGOl 

Oxideof  azote  l.S.WS  0.S878  1. 5:^09 

Olellantgas  ..  1.5.-SS0  1.5703  0.9885 

Carbonic  oxide  1.0S  I0  1.0805  0.90G9 


The  specific  heals  of  the  gases  in- 
cluded m the  foregoing  table  being 
each  compared  willi  that  of  an  eqiuU 
weight  of  water,  the  following  numbers 
arc  obtained : — 

Oxygen 0.8361 

Azote  O.S7.S4 

Water  1.0300 

Air  0.2669 

Hydrogen  ga. S.89S6 

Carbonic  acid 0.8810 

Oxido  of  Azote  0.8369 

OleOant  gas 0.  I8U7 

Carbonic  oxide  0.8834 

Aqueous  vapour  0.6470 

With  the  exception  of  Iwdrogen, 
which  has  a greater  degree  of  specific 
heat  than  any  oUter  body,  all  the  gases 
mentioneti  in  the  precetling  table  have 
less  specific  heat  than  water,  and  more 
than  any  of  Die  metals. 

The  residts  of  these  experiments  are 
hostile  to  the  theory  invented  by  Irvine, 
adopted  by  Crawforo,  I.«slic,  and  others, 
that  the  evolution  of  heat,  when  bodies 
combine  together,  arises  from  a di- 
minution of  the  specific  heat  of  the 
bodies  combined.  One  of  their  strong- 
est arguments  against  this  theory  is 
derived  from  a comparison  of  the  b})«- 
cific  heat  of  water  obtained  by  experi- 
ment with  tliat  of  tlie  constituent  parts, 
deduced  by  calculation,  which  they  state 
as  follows : 


Water  (composed  of  0.87  oxygen  and  0.18 

hydro  tren). 

Its  spec iHc  lieat  by  calculation  ...  0.633S 

By  exi>erimc-nt  1.0000 

By  wliich  it  appears,  that  the  specific 
heat  of  the  constituents  of  water  is 
increased  by  their  combination. 

The  specific  heat  of  oxygen  compared 
with  tliat  of  water  is  0.2.361  ; that  of 
c.irbonic  acid  lieing  0.2210  parts 
less  than  that  of  oxygen.  “ Let  us  sup- 
pose a pound  of  chaiuoal  consumed, 
rrom  Lavoisier's  experiments,  it  appears 
that  tile  heat  evolved  is  sufficient  to 
melt  9GJlbs.  of  ice.  Now,  tliis  (suppos- 
ing Mr.  Cavendish's  estimate  correct) 
is  equal  to  1.3027J  degrees  of  heat. 
Tlie  oxygen  consumed  amounts  to 
281bs.  nearly;  so  that  each  lb.  of  oxygen, 
when  changeil  into  carbonic  acid,  must 
have  given  off  3428  degrees.  Here  a 
change  in  the  specific  lieat  amounting 
only  to  iJjs,  or  not  quite  j'j  of  the  whole, 
occasioned  the  escape  of  3428  degrees. 
Such  a conclusion  can  only  be  adopted, 
if  we  suppose  the  absolute  quantity  of 
heat  in  the  oxygen  gas  to  amount  to 
147.404  degrees.  This  supposition  ex- 
ceeds the  estimate  of  Hr.  Crawford 
nearly  100  times;  and  it  is  more  than 
ten  times  greater  than  that  adopted  by 
Dalton.  No  person  can  believe  that 
oxygen  gas  contains  so  much  heat.  Of 
course,  the  supposition  that  the  heat 
evolved  during  combustion  is  owing  to 
a change  of  capacity  merely,  cannot  lie 
defended.  If  heat  be  a fluid,  it  must 
enter  into  chemical  combination  with 
certain  bodies ; and  the  decomposition  of 
these  Ijodies  must  lie  the  cause  of  heat 
evolved  during  combustion.”  Annals 
of  Philosophy,  Dec.  1813. 

Exjicriments  have  frequently  been 
made  to  ascertain  specific  heats  by  sus- 
pending bodies  heated  to  a given  degree 
in  a cool  and  uniform  medium,  until 
their  temperature  descends  tlirough  a 
certain  part  of  the  thermometric  range, 
marking  Uie  times  which  different  sub- 
stances require  to  cool  Uie  same  number 
of  degrees,  all  of  tliem  being  exposed 
under  the  very  same  circumstances ; 
their  specific  heats  are  considered  to  be 
directly  as  the  times  of  their  cooling. 

The  method  liy  which  Didong  and 
Petit  ascertained  the  specific  heats  of 
metals  was  by  reducing  tliem  to  very  fine 
filings,  wliich  were  close  pressed  into  a 
thin  and  small  cylindrical  vessel  of  sil- 
ver, having  tlio  bulb  of  a thermometer 
in  its  axis,  Uie  vessel  containing  about 
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460  griuns  of  the  substance,  heated  to 
about  12®  of  Fahrenheit  above  the  sur- 
rounding air,  was  suspended  in  the  cen- 
tre of  a vessel  which  was  blackened  on 
the  inside,  and  exhausted  of  air,  to  make 
the  cooling  slower;  the  time  required 
being  generally  about  15  minutes,  al- 
though the  exhausted  vessel  was  sur- 
rounded with  melting  ice. 

The  specific  heats  of  metals  thus 
obtained  are  as  under,  tliat  of  water 
being  considered  100 : — 


Bismuth 0.0288 

Lead 0.0293 

Gold 0.0298 

Blutinnin 0 03I  I 

Tin  O.O.sit 

Silver 0.055T 

/inc 0.0927 

Tellurium  0.0912 

Copper 0.0919 

Nickel 0.1035 

Iron  0.1100 

Cobalt  0.I498 

Sulphur  0.1880 


From  the  statements  which  have  been 
matte  respecting  the  capacities  of  bodies 
for  heat,  and  the  specific  heat  of  bodies, 
it  will  be  evident  that  a very  close  con- 
nection exists  between  these,  so  close, 
that  one  of  the  terms  is  frequently  used 
for  the  other  without  occasioning  con- 
fiision : the  former  means  the  relative 
powers  of  bodies  in  receiving  and  retain- 
ing heat  in  being  raised  to  any  given 
temjierature,  some  bodies  receiving  and 
retaining  much  more  than  others ; the 
latter  term  applies  to  the  actual  quanti- 
ties of  heat  so  received  and  retained. 

Whatever  may  be  the  cause  of  the 
different  capacities  of  bodies  for  heat, 
it  apjiears  to  be  gre.atly  influenced  by 
the  state  of  density  in  which  bodies 
exist;  although  not  so  regularly  as  to 
admit  of  being  considered  as  an  inva- 
riable relation:  hydrogen,  the  lightest 
of  all  bodies,  having  the  greatest  capa- 
city, and  metals,  the  heaviest  of  bodies, 
having  the  least.  The  same  body  may 
have  its  capacity  enlarged  by  the  de- 
crease of  its  density ; thus,  the  intense 
cold  existing  in  the  higher  regions  of 
the  atmosphere  has  been  accounted  for 
on  the  supposition  of  the  increased  ca- 
pacity of  the  air  for  heat.  Onthecontra- 
ly,  by  increasing  the  density  of  a body,  its 
capacity  for  heat  is  diminished ; a quan- 
tity of  heat  IS  therefore  set  free,  and  pro- 
duces sensible  effects ; as  in  the  sudden 
condensation  of  air,  the  rapid  reduction 
of  which  to  one-fifth  of  its  volume  occa- 
sions the  evolution  of  heat  in  sii^ent 


quantity  to  inflame  tinder;  and  if  the 
condensation  tie  effected  in  a glass  tube 
in  a dark  place,  a flash  of  light  may  be 
seen  at  the  same  time. 

Supposing  caloric  to  consist  of  mate- 
rial particles,  the  tendency  of  which  is 
to  difflisc  themselves  equally  over  space, 
it  seems  natural  that  they  should  be 
introduced  in  laigest  quantity  into 
those  bodies,  the  particles  of  which 
are  at  the  ^atest  distance  from 
each  other.  On  tliis  account,  bodies 
which  have  the  least  density  may  have 
the  greatest  capacity  for  heat;  and,  as 
the  particles  of  different  bodies  probably 
attract  heat  with  different  degrees  of 
force,  which,  it  is  imagined,  may  ac- 
count for  the  different  quantities  of 
heat  retained  by  different  bodies  at  any 
given  temperature;  although  by  this 
attraction  no  intimate  union  be  occa- 
sioned as  if  chemical  attraction  were 
exerted,  the  particles  of  heat  still  retain- 
ing all  their  properties  unaltered. 

Chapter  VIII. 

Of  the  absolute  quantity  of  Heat  which 
any  Body  contains  at  any  given  Tem- 
perature. 

All  bodies,  it  is  obvious,  must  contain 
limited  quantities  of  heat ; but  since  it  is 
not  in  our  power  to  deprive  them  of  it 
entirely,  it  is  exceedingly  difficult  to  de- 
termine how  much  any  body  continues 
to  possess  after  we  have  reduced  its 
temperature  as  much  as  possible.  While 
Dr.  Irvine  was  engaged  in  the  investi- 
gation of  the  capacities  of  bodies  for 
heat,  it  occurred  to  him,  that,  if  the 
quantities  of  heat  contained  in  bodies 
be  in  proportion  to  their  capacities,  a 
knowledge  of  the  capacity  of  a body  in 
its  different  states,  together  with  the 
quantities  of  heat  which  it  absorbs  or 
gives  out  when  it  undergoes  a change 
of  form,  may  enable  us  to  infer  the 
amount  of  the  whole  quantity  existing 
in  the  body ; as  for  example,  the  capa- 
city of  water  to  that  or  ice  being  as 
10  to  9.  Water  at  the  temperature  of 
32  will  contain  one-tenth  more  heat 
than  ice  at  the  same  temperature.  Be- 
fore ice  can  assume  the  state  of  water, 
it  must  give  out  this  tenth  part,  which 
may  then  be  measured.  Dr.  Black  esti- 
mated the  quantity  at  140°  of  Fahren- 
heit, that  is  to  say,  ice  requires  as  much 
heat  to  liquefy  it  as  would  raise  the 
temperature  of  the  same  weight  of  wa- 
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ter  140’;  this  number  multiplied  by  10  ent  quantities  of  heat  to  produce  these 
will  give  the  whole  quantity  of  heat  degrees.  So  that  if  the  distance  of  w-a- 
contained  in  water  at  32’;  namely,  ter  at  32°  be  1400°  &om  zero,  all  other 
1400°,  which  points  out  the  actual  zero,  bodies  at  the  same  temperature  will  be 
at  wliich  no  heat  would  remain.  at  the  same  distance  from  zero ; the 

The  theorem  of  Dr.  Irvine  for  calcu-  distance  of  each  body  being  measured 
lating  the  real  zero  of  borlies  is  thus  by  degrees  according  to  its  own  capacity, 
stated  by  Dr.  Murray : “ The  capaci-  Many  ditferent  pt^osophers  have  en- 
ties  of  the  solid  and  liquid  being  as  the  gaged  in  this  difficult  investigation,  and 
whole  quantities  of  caloric  they  contain,  have  obtained  from  various  experiments 
it  will  follow,  that  the  difference  be-  \ety  discordant  results, 
tween  the  numbers  which  express  their  Dr.  Crawford  calculating  from  the 
capacities,  is,  to  the  number  which  ex-  capacities  of  the  constituents  of  water, 

Sresscs  the  capacity  of  the  Uquid,  as  and  the  circumstances  attending  their 
le  difference  Wtween  the  quantity  of  combination,  states  that  the  absolute 
heat  which  each  contains,  measured  zero  of  water  is  1532°  below  its  freezing 
according  to  the  capacity  of  the  liquid,  point. 

is  to  the  numlwr  of  degrees  which  will  Gadolin  measured  the  capacity  of 
express  the  quantity  of  caloric  it  con-  sea-salt  and  of  its  solutions,  in  given 
tains  from  zero."  'The  above  expression  quantities  of  water,  and  having  ob- 
will  not,  it  is  suspected,  challenge  admi-  served  the  degrees  of  cold  produced  by 
ration  on  account  of  its  clearness ; what  the  solutions,  he  calculated  from  these, 
succeeds  is  less  objectionable:  “The  and  brought  out  the  zero  at  1432°  below 
following  general  formula,  therefore,  tlie  freezing  of  water.  The  same  philo- 
may  be  given  for  the  calculation.  Mul-  sopher  deduced  a variety  of  numbers 
tiply  the  number  which  expresses  the  from  other  experiments  on  the  mixture 
quantity  of  caloric  absorbed  when  the  of  sulphuric  acid  and  water,  and  on  the 
body  passes  from  the  solid  to  the  liquid,  mixture  of  snow  and  salt;  the  lowest  of 
or  given  out  when  it  passes  from  the  which  for  the  zero  was  1510°,  and  Uie 
liquid  to  the  solid  state,  by  the  number  highest  3230°. 

denoting  the  capacity  of  the  liquid.  The  results  obtained  by  Lavoisier  and 
Divide  the  product  by  the  mimlver  which  La  Place  are  difficult  to  reconcile  w ith 
expresses  the  difference  in  the  capacities  one  another,  and  with  those  obtained  by 
of  the  body  in  its  two  forms  ; the  quo-  other  philosophers.  From  experiments 
tient  will  be  the  number  of  degrees  of  on  the  mixture  of  quicklime  and  water, 
temperature  between  the  freezing  point  the  apparent  zero  was  3460°  below  the 
of  the  liquid,  and  zero  measured  ac-  freezing  point ; experiments  on  sulphu- 
cording  to  the  capacity  of  the  liquid."  ric  acid  and  water  brought  out  the  zero 
Dr.  Robison,  speaking  of  Dr.  Ir-  at  7294°  lower  than  tlie  freezing  point ; 
vine  s ingenious  method  of  determining  and  it  was  made  to  appear  by  experi- 
tlie  point  of  absolute  privation  of  heat,  ments  on  a mixture  of  nitric  acid  and 
and  quoting  his  own  words,  says  his  quicklime  to  be  23,837°  above  the  same 
fundamental  proposition  was,  that  “ the  point. 

heat  which  apiieared  in  mixing  vitriolic  Mr.  Dalton  deduced  different  num- 
acid  and  water  is  the  difference  between  bers  from  different  experiments,  all  of 
the  sum  of  the  absolute  heats  of  the  the  numliers  expressing  the  distance  of 
two  ingredients,  and  the  absolute  heat  the  zero  in  degrees  of  Fahrenheit's  scale 
of  the  mixture ; while  the  heats,  which  lielow  the  freezing  of  water : from  the 
each  of  them  separately  required  for  an  mixtureof5J  parts  of  sulphuric  acid  with 
eipial  variation  of  temperature,  had  the  one  part,  of  water  6400° ; from  a mixture 
proportion  of  their  res]jective  absolute  of  three  parts  of  hme  with  one  of  water 
neats."  Therefore,  having  discovered  by  4260°;  from  seven  parts  of  nitric  acid 
such  experiments  the  difference  and  the  and  one  of  lime  11,000°;  fromthe  corn- 
ratio  of  the  absolute  heats  of  the  ingre-  bustion  of  hydrogen  5400°,  and  from 
dients,  we  can  find  those  absolute  heats,  the  combustion  of  oil,  wax,  and  tallow 
and  the  temperature  at  which  those  6900°. 

heats  commence,  or  in  which  the  ingre-  MM.  Clement  and  De  Sormes  state 
dients  contain  no  heat  at  all. — litack's  the  absolute  zero  at  448°  of  Fahr- 
Lecturet,  by  Pobison,  page  505 , enheit ; while  MM.  Dulong  and  Petit 

It  was  considered  ttiat  the  degrees  of  fix  it  at  infinity.  It  is  almost  super- 
temperature are  the  same  in  all  bodies,  fluous  to  remark,  after  what  has  been 
although  different  bodies  require  differ-  stated,  that  the  results  hitherto  obtained 
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in  this  difficult  research  are  not  such  as 
to  enga^  our  confidence,  or  to  admit  of 
being  made  the  basis  of  other  calcula- 
tions. 

Chapter  IX. 

Of  iMtent  Heat,  including  Fluidity, 
Steam,  Evaporation,  and  Diitillation. 

Thb  honour  of  having  made  the  im- 
portant discovery  that  large  quantities 
of  heat  must  enter  into  bodies,  and  be 
concealed  to  enable  them  to  pass  from 
the  solid  to  the  fluid  state,  or  from  the 
fluid  state  to  that  of  vapour,  is  uni- 
versally ascribed  to  Dr.  Black.  His 
first  decisive  experiment  was  made  in 
December,  1761,  at  Glasgow,  where  he 
was  then  professor  of  chemistry.  This 
experiment  consisted  in  comparing  the 
length  of  time  which  a given  weight  of 
water  required  to  raise  its  temperature 
one  degree,  with  the  length  of  time  which 
the  same  weight  of  ice  required  for  its 
liquefaction,  an  equal  heat  being  ap- 
plied in  both  cases ; and  also  reversing 
the  experiment,  he  compared  the  length 
of  time  required  to  depress  the  tempera- 
ture of  a given  weight  of  water  one  de- 
gree with  the  length  of  time  required  to 
freeze  the  same  quantity ; he  was  thus 
enabled  to  determine  that  the  quantity 
of  heat  necessary  to  enable  a given 
weight  of  ice  to  assume  the  fluid  form, 
is  eiiual  to  that  which  would  raise  the 
temperature  of  the  same  weight  of  water 
140  . He  also  found  that  an  equal 
quantity  of  heat  is  set  free  from  water 
when  it  assumes  the  solid  form.  Since 
the  increased  quantity  of  heat,  thus 
proved  to  be  essential  to  the  fluid  state, 
IS  not  capable  of  being  detected  by  the 
touch,  or  by  the  application  of  a ther- 
mometer, Dr.  Black  called  it  concealed 
or  latent  heat. 

He  was  led  to  this  discovery  by  no- 
ticing what  takes  place  in  some  natural 
operations,  particulaidy  the  melting  of 
ice  and  snow.  Portions  of  these  being 
brought  into  a warm  room,  gradually 
attain  the  temperature  of  32°,  if  previ- 
ously lielow  that  point;  they  then^gin 
to  melt,  and  continue  at  the  same  tem- 
perature until  the  whole  is  melted ; all 
the  heat  which  enters  into  the  melting 
icc  or  snow  being  converted  into  latent 
heat,  to  promote  the  liquefaction : when 
the  whole  is  liquefied  the  temperature 
ain  rises,  and  continues  to  do  so  un- 
it becomes  the  same  as  that  of  the 
room.  The  slow  manner  in  which  ice 


melts  in  ice-houses,  and  in  which  ice 
and  snow,  where  they  are  accumulated 
in  large  quantities,  assume  the  fluid 
state,  were  observed  by  Dr.  Black ; and 
he  described  in  his  lectures  the  effects 
which  would  hapjien  if  large  quantities 
of  heat  were  not  necessary'  to  enable  ice 
and  snow  to  liquefr’.  In  that  case,  he 
affirmed,  that  torrents  and  inundations 
would  be  irresistible  and  dreadful,  tear- 
ing up  and  sweeping  away  every  thing 
so  suddenly,  as  scarcely  to  permit  Iti 
human  inhabitants  of  those  districts  to 
escape  Irom  the  ravages. 

Dr.  Black  put  five  ounces  of  pure 
water  into  each  of  two  thin  globular 
glass  vessels,  about  the  same  size  and 
weight ; the  water  in  one  of  the  vessels 
was  completely  frozen  by  immersion  in 
a mixture  of  snow  and  salt ; the  vessel 
was  then  set  on  a wire  ring  attached  to 
a reading-desk,  in  a large  hall,  where  it 
remained  until  it  was  entirely  melted. 
The  other  vessel  containing  the  same 
quantity  of  water  cooled  to  33°,  and, 
having  a delicate  thermometer  sus- 
pended in  it,  was  placed  in  a similar 
situation.  In  about  half  a minute  the 
thermometer  assumed  the  temperature 
of  the  water,  after  which  the  increase  of 
temperature  was  observed  every  five  or 
ten  minutes  during  half  an  hour,  at  the 
end  of  which  time  the  degree  of  heat  in- 
dicated was  40°  of  Fahrenheit.  When 
the  glass  containing  the  ice  was  taken 
out  of  the  freezing  mixture,  it  was  four 
or  five  degrees  colder  than  melting 
snow ; when  it  arrived  at  the  freezing 
point,  and  was  just  beginning  to  melt, 
the  time  was  noted,  and  the  glass  was 
then  left  undisturbed  ten  hours  and  a 
half.  At  that  time  a small  spongy  mass 
of  the  ice  remained  unmelted  in  the 
upper  part  of  the  water,  although  that 
part  of  the  water  which  was  near  the 
sides  of  the  vessel  had  attained  the  tem- 
perature of  40°.  In  a few  minutes  more 
the  whole  of  the  ice  had  become  licpiid. 
Thus  it  appears  that  the  same  quantity 
of  heat  which  was  capable  of  raising 
the  temperature  of  the  water-glass  seven 
degrees  in  half  an  hour,  required  ten 
hours  and  a half,  or  twenty-one  half 
hours,  to  raise  the  ice-glass  to  the  same 
temperature;  so  that, 21  multiplied  by 
7,  will  give  the  number  of  degrees  of 
heat. 

The  temperature  to  which  the  two 
glasses  were  exposed,  under  precisely 
the  same  circumstances,  was  47°.  The 
water-glass  attained  the  temperature  of 
40°  in  half  an  hour,  being  an  increase 
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ofr“;  the  ice-plass,  after  being  exposed 
tvventy-one  half  hours,  attained  the  same 
temperature.  It  is  obvious  that  the  ice- 
class  must  have  received,  during  every 
half  hour,  nearly  the  same  miantitv  of 
heat  which  the  water-glass  id,  while 
its  temperature  was  Iwing  raised 
so  that  the  whole  quantity  of  heat  im- 
parted to  the  ice-glass  will  be  found  by 
multiplying  21  by  7,  or  147^.  In  other 
words,  the  quantity  of  heat  received  by 
Ihc  ice-glass  would  have  raised  the  tesn- 
perature  of  water  147°,  but  only  eight 
degrees  of  this  (piantity  were  to  be  de- 
tected in  the  water  by  a thermometer  • 
consequently  tlic  remaining  139°  or  140° 
must  have  Ixatn  absorbed  to  enable  the 
ice  to  liquefy. 

Another  method  of  ascertaining  the 
same  thing  occurred  to  Dr.  BlacK,  by 
submitting  ice  to  the  action  of  warm 
water.  Having  iircpared  a piece  of  ice 
of  a sha[)C  fit  for  liis  purpose,  and 
weighing  .99^  drachms,  he  jilungwl  it 
into  a quantity  of  svater  .at  the  tem]»- 
rature  of  190°,  weighing  67J  drachms; 
the  whole  of  the  ice  was  liquefied  in  a 
few  seconds,  and  the  tcmpcTature  of  the 
fluid  was  immediately  found  to  be  5.3°. 
Thus  the  heat  of  the  water  <ised  in  this 
experiment  was  reduced  from  190°  to 
,5.3a  as  was  the  glass  vessel  which  con- 
tained the  water:  it  had  been  previ- 
ously ascertained  tliat  the  pow  er  of  the 
vessel  to  heat  Itodies  was  not  more  than 
half  that  of  water;  the  weight  of  the 
vessel  wa.s  eight  drachms,  but  on  ac- 
count of  its  less  power  of  heating,  the 
eiglit  drachms  are  taken  in  the  calcula- 
tion as  four  of  water.  The  tempera- 
ture of  674  drachms  of  water,  together 
with  four  drachms  of  water  capable  of 
exerting  the  same  heating  power,  was 
reduced,  in  this  cxpi*riment,  137°;  the 
whole  of  which  quantity  Ixing  commu- 
nicated to  594  drachms  of  ice.  at  32°, 
raisevl  its  temperature  oidy  21°;  al- 
though, aeconUng  to  the  relative  pro- 
portions of  hot  and  cold  matter,  it  ought 
to  have  elevated  the  temperature  of  the 
ice  86°.  A quantity  of  heat,  therefore, 
was  suddenly  lost,  equal  to  65°,  which, 
it  was  calculated,  would  have  been 
sufficient  to  have  raised  the  temi»rature 
of  a quantity  of  water  equal  in  weight 
to  the  ice  143°. 

Dr.  Black  simplified  the  experiment 
by  putting  a lump  of  ice  into  an  equal 
wa-ight  of  water  at  176°;  the  ice  was 
melted,  and  the  temperature  of  the 
whole  was  reduced  to  .32°. 

Ex.  This  experiment  will  succeed 


more  satisfactorily,  if  to  a pound  of  newr- 
fallen  snow  we  add  a pound  of  water 
at  172°;  the  snow  will  be  liquefied, 
and  32°  will  be  the  resulting  tempera- 
ture. 

Titus  it  appears  that  heat  entering 
into  bodies  enables  them  to  assume  the 
fluid  state  by  counteracting  in  some 
degree  the  influence  of  cohesive  attrac- 
tion, which  holds  the  particles  together, 
repelling  them  to  greater  distances,  and 
permitting  tliera  to  have  freedom  of 
motion  among  each  other.  It  is  be- 
lieved, however,  that  sometliing  more 
is  necessary  to  tliis  freedom  of  motion 
than  weakness  of  cohesive  attraction. 
Professor  Robison  supposed,  that  while 
a substance  remains  in  the  solid  state, 
the  particles  attract  each  other  more 
strongly  in  one  direction  than  another, 
on  w hich  account  they  will  assume  par- 
ticular positions,  and  oppose  more  or 
less  resistance  to  any  force  tending  to 
change  these  positions  ; but  when  these 
particles  enter  into  the  fluid  state,  it  is 
supposed  that  they  attract  each  other 
equally  in  all  directions,  which  would 
enable  them  to  move  with  the  smallest 
impulse,  although  the  attraction  Ix-twccn 
them  should  scarcely  be  diminished  in 
force. 

It  has  often  been  asserted,  that  a 
state  of  solidity  is  tlie  natural  state  of 
all  bodies ; but  the  propriety  of  this 
assertion  is  doubtful,  as  examples  might 
easily  be  adduced  of  substances  which 
continue  in  different  states  according  to 
the  heat  of  the  climate  in  wliich  they 
may  happen  to  be  placed ; thus  sulphu- 
ric ether,  which  is  permanently  liquid  m 
this  climate,  would  always  remain  solid 
in  the  coklest  parts  of  the  arctic  regions ; 
and  the  state  of  clastic  ^as  would  be 
the  only  state  in  which  it  coidd  exist 
near  the  Equator, 

FluidUy. 

All  liquids,  with  the  exception  of  al- 
cohol, have  been  reduced  to  the  solid 
state ; and  it  is  generally  believed  that 
this  also  would  become  solid  if  we  were 
able  to  reduce  its  temperature  suffici- 
ently : the  same  (minion  is  entertained 
re.specling  elastic  fluids.  All  solids  that 
do  not  suffer  decomposition  at  low  tem- 
peratures may  be  converted  into  fluids, 
and  most  of  them  into  vapour,  by  the 
intense  heats  produced  by  modem  inge- 
nuity. When  bodies  that  remain  fluid 
at  me  usual  temperature  of  the  air 
become  solid,  we  say  they  are  frozen ; 
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and  when  bodies  that  are  usually  solid 
become  fluid,  in  consequence  of  the 
addition  of  caloric,  it  is  said  they  are 
melted,  or  fused.  The  transition  of 
water  and  of  metals  from  a solid  to  a 
fluid  state  being  produced  by  the  same 
cause,  wc  may  consider  water  as  melted 
ice,  with  as  much  propriety  as  we  do 
tlie  fluid  state  of  metallic  substances 
melted  metals. 

It  is  not  possible,  under  usual  cir- 
cumstances, to  melt  numerous  com- 
pound substances,  chiefly  of  animal  or 
vegetable  origin,  on  account  of  the  de- 
composition which  they  suffer  at  cora- 
aratively  low  temperatures ; but  Sir 
antes  H^all,  by  subjecting  several  sub- 
stances of  tliis  kind,  as  coal  and  lime- 
stone, to  heat,  under  a great  degree  of 
pressure,  so  as  to  prevent  the  escape  of 
tlieir  gaseous  parts,  succeeded  in  fusing 
them. 

Ice  cannot  be  raised  higher  titan  the 
temperature  of  Si’  w illtout  melting ; but 
water  may,  under  certain  circumstances, 
lie  cooled  much  lower  without  freezing. 
Mr.  Dalton  succeeded  in  reducing  it  to 
3°  of  Fahrenheit  before  it  solidifled. 
Agitation  is  unfavourable  to  this  exitc- 
riment,  occasioning  the  water  to  freeze 
instantlv,  and  its  temperature  to  rise 
to  the  freezing  point.  It  was  proved 
by  Dr.  Black  that  water  which  has  been 
deprived  of  air  by  boiling  freezes  more 
readily  than  unboiled  water,  on  account, 
us  he  supposed,  of  a slight  amtatiun 
upon  its  surface,  occasioned  Dy  the 
attraction  of  air.  Whatever  particles 
impair  the  transparency  of  water,  when 
mixed  with  it,  produce  the  same  effect ; 
but  the  most  effectual  method  of  deter- 
mining the  conflation  of  water  which 
is  colder  tlian  the  freezing  point,  is  to 
introduce  a particle  of  ice  or  snow; 
crystallization  instantly  commences. 
Sir  Charles  Blagden  exposed  to  the 
atmosphere  two  vessels  containing  dis- 
tilled water,  when  the  temperature  was 
about  t!u°  and  the  day  calm ; one  of 
tlie  vessels  he  covered  slightly  with 
paper,  the  other,  being  left  uncovered, 
the  temperature  of  the  water  in  the 
covered  vessel  sunk  many  demees  be- 
low 33°  without  freezing,  wliiJe  ice  in- 
variably formed  upon  the  surface  of  ttie 
water  in  the  otlier  vessel  before  a ther- 
mometer immersed  in  it  was  cooled 
quite  to  the  fi-eezing  iraint.  This  ditt'e- 
rence  he  accounted  for  on  the  supposi- 
hon  that  the  frozen  partieles  which  float 
in  ttie  air,  at  that  temperature,  being 


permitted  to  come  into  contact  with  the 
water  in  the  uncovered  vessel,  occa- 
sioned the  process  of  congelation  to 
commence.  The  effect  of  oil  poured 
upon  the  surface  of  water  in  preventing 
it  from  freezing  may  be  ascribed  to  the 
same  cause. 

Ttie  beaiitifiil  spiculse,  which  shoot  in 
different  directions  at  certain  angles 
through  water  at  the  commencement  of 
fiwzing,  and  the  enlargement  of  bulk 
produced  by  the  process,  prove  that  it 
IS  a species  of  crystallization,  in  which 
the  particles  are  united  by  certain  points 
or  surfaces  in  preference  to  olliers ; and 
the  effect  of  agitation,  in  facilitating 
the  process,  may  be  explained  by  sup- 
posing that  it  assists  the  particles  in 
assuming  that  position  which  is  most 
favourable  to  tlicir  solidification ; and 
since  this  effect  is  more  likely  to  be 
produced  by  internal  agitation  among 
the  parts  of  the  fluid  than  by  the  gene- 
ral motion  of  the  whole,  it  is  found 
that  a sudden  jerk  of  a vessel  contain- 
ing water  cooled  below  32’  is  the  most 
effectual  kind  of  motion  in  promoting 
congelation.  Tlie  effect  produced  by 
tlie  introduction  of  a solid  particle  of 
tlie  same  substance,  is  supposed  to  de- 
pend upon  the  attractive  power  which  it 
exerts  upon  the  contiguous  particles, 
occasioning  tlicm  to  arrange  themselves 
in  the  manner  most  favourable  for  tlicir 
union  with  other  particles;  and  the  same 
influence  being  extended  from  particle 
to  particle,  the  solidification  proceeds 
ivitn  rapidity. 

Many  of  the  circumstances  alluded 
to  in  relation  to  the  fizzing  of  water 
may  be  illustrated  by  reference  to  other 
fluids,  the  best  of  which  for  that  pur- 
pose is  a solution  of  sulphate  of  soda. 

E.V.  A flask  of  the  shape  of  _fig.  1 5, 
being  filled  with  a saturated  solution  of 
sulphate  of  soda,  near  tlie  boiluig  point. 


Eiff.  15. 


44 


HEAT. 


the  neck  of  the  flask  beinf;  then  closed  that  the  same  reasoning  which  applies 
so  as  effectually  to  exclude  the  air,  by  to  the  melting  of  ice  may  apply  to  the 
firmly  tying  pieces  of  bladder  over  it.  melting  of  all  other  bodies, 
or  in  aiiy  other  way,  the  flask  must  Dr.  Irvine,  making  some  experiments, 
then  be  suffered  to  cool  until  it  attains  at  the  desire  of  Dr.  Black,  on  sperma- 
thc  temiK'rature  of  the  surrounding  air,  ceti,  bees'  wax,  and  some  other  sub- 
at  which  time  the  surface  of  the  fluid  stanees,  found  that  spermaceti  absorbed 
will  be  much  lower  in  the  neck  of  the  in  melting,  without  becoming  sensibly 
flask  ; a thread  being  put  round  to  warmer,  a quantity  of  heat  sufficient  to 
mark  its  place,  and  tlie  temperature  of  have  rendered  the  same  quantity  of 
the  flask  having  been  felt  by  the  hand,  melted  spermaceti  from  141°  to  148° 
a hole  may  be  made  with  a sharp  point  hotter.  Bees'  wax,  in  the  same  way, 
through  the  bladder,  so  as  to  admit  the  absorbed  1 7S° ; and  it  appeared  to  him 
pressure  of  the  air.  The  surface  of  the  that  tin  absorl^  as  muen  heat  in  melt- 
fluid  will  be  agitated  by  the  sudden  ing  as  would  raise  its  temperature  in 
admission  of  the  air,  and  it  is  very  pro-  its  solid  state  500°.  Dr.  Black  was  of 
bable  that  crystallization  will  commence  opinion  that  the  softness  which  takes 
at  the  surface,  and  proceed  rapidly  down-  place  in  some  bodies  before  they  assume 
wards  in  a treautiful  manner,  until  the  the  fluid  state,  depends  upon  their  ab- 
whole  Irecomes  solid.  If  crystallization  sorbing  a portion  of  heat,  though  not 
should  not  take  place  on  the  admission  in  sufficient  quantity  to  produce  fluidity, 
of  air,  which  is  sometimes  the  case,  the  The  malleability  and  ductility  of  metals 

frrocess  maybe  made  to  commence  by  were  also  considered  by  him  as  de- 
etting  fall  a small  solid  particle  of  the  pending  upon  the  absorption  of  heat, 
same  salt  into  the  solution.  Sometimes  “ I therefore  consider  the  metals."  says 
it  can  scarcely  pass  below  the  surface  he,  “ as  substances  which  have  trie 
before  particles  arc  attracted,  which,  power  to  retain  strongly  a certain  quan- 
arranging  themselves  round  the  solid  tity  of  latent  heat,  which  gives  them 
nucleus,  form  beautiful  radiating  ctys-  their  toughness  and  malleability ; but  I 
tals  tliat  enlarge  rapidly,  extending  imagine  that  heat  is  driven  out  of  tliein 
throughout  the  whole  mass,  which  be-  1^  the  violent  agitation,  compression, 
comes  solid  in  a very  short  time.  On  and  friction  of  their  parts,  in  hammering 
tiying  the  temperature  of  the  flask  with  them  strongly  into  another  shape.  Those 
the  hand,  it  wul  be  found  quite  warm,  a called  the  more  perfect  metals  retain 
considerable  quantity  of  heat  being  set  Uiis  heat  with  the  greatest  force,  and 
free  in  the  transition  from  fluid  to  solid,  retain  it  in  some  cases,  though  extended 
A few  drops  of  fluid  will  probably  re-  by  skilful  hammering,  to  an  amazing 
main,  the  surface  of  widen  will  stand  degree.  Tough  iron,  which  is  a purer 
considerably  above  the  thread  on  the  metal  than  steel,  contains  more  of  it 
neck  of  the  flask,  proving  that  the  new  than  steel  does,  and  shows  a little  more 
arrangement  of  the  parts  necessary  to  power  to  retain  it ; from  iron  it  cannot 
the  solid  state  occupies  more  room.  It  be  expelled  but  by  the  strokes  of  the 
has  usually  been  thought  that  the  pres-  hammer,  or  violent  compression  ; from 
sure  of  tlie  air  is  essential  to  enable  steel  it  can  be  separated  not  only  by 
crystallization  to  take  place  in  this  ex-  hammering,  but  also  by  sudden  and 
periment ; but  sometimes,  ns  has  already  violent  refrigeration  of  the  steel  from  a 
been  stated,  the  pressure  of  the  air  may  red-hot  state.  This  h;ip])cns  in  the 
be  admitted  without  producing  the  i^Tation  calletl  the  harilcning  of  steel, 
effect,  while  the  introduction  of  a solid  'Die  steel  is  made  red-hot  in  the  fiiv. 
particle  generally  succeeds.  It  is  more  and  then  suddenly  plungcil  into  cold 
probable,  therefore,  that  when  crystalli-  water.  Thus  it  is  made  excessively 
zation  happens  on  the  admission  of  air,  hard,  but  at  the  same  time  perfectly 
that  it  is  occasioned  by  the  agency  of  inflexible  or  brittle.  We  must,  there- 
solid  particles  admitted  along  witli  the  fore,  conclude  that  this  sudden  and 
air,  which  serve  as  nucleii  or  points  of  violent  refrigeration  prevents  its  retain- 
attraction  for  crystallization  to  com-  ing  a due  portion  of  latent  heat,  which 
mence  upon.  it  would  have  retained,  had  it  been 

Dr.  Black  observed  appearances  at-  allowed  to  cool  slowly  and  quietly.  Iron 
tending  tire  liquefying  of  other  substances  when  heated  in  the  same  manner  loses 
which  connected  them  with  the  doctrines  but  very  little  of  its  latent  heat." — Black* 
of  latent  heat,  and  he  was  of  opinion  Lecture*,  voL  i.  p.  140, 
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Althouifh  Dr.  Black  did  not  find  op- 
portunities for  the  performance  of  such 
experiments  as  satisfied  him  completely 
respecting  the  quantity  of  heat  which 
becomes  latent  in  the  conversion  of 
water  into  steam  before  1762,  he  had 
made  many  observations  as  to  the  fact 
a considerable  time  before.  He  had 
observed  that  every  addition  of  heat 
applied  to  a fluid  produces  an  elevation 
of  temperature  until  it  arrives  at  the 
boiling  point , but  however  violently  the 
fluid  may  boil,  it  does  not  become  hot- 
ter, nor  does  the  steam  that  arises  from 
it  indicate  a greater  degree  of  heat  than 
the  water:  a large  proportion  of  the 
heat,  therefore,  he  had  no  doubt,  en- 
ters into  the  steam,  and  becomes  latent. 
He  also  observed  the  great  heat  im- 
parted to  the  worm-tub  of  a still,  and 
was  convinced  that  when  vapour  is 
condensed  into  a liquid,  its  latent  heat 
is  again  set  free. 

Tlie  experiments  by  which  these  opi- 
nions were  proved  to  be  correct  were 
simple  and  convincing.  He  applied 
heat  to  a small  quantity  of  water  at  50°, 
and  having  notic^  what  length  of  time 
was  required  to  make  the  water  boil, 
he  continued  to  apply  the  heat  until  all 
the  water  was  converted  into  vapour, 
and  found  that  the  vaporization  of  the 
water  required  five  times  as  much  heat 
as  was  requisite  to  make  it  boil,  or 
810°;  from  which  he  inferred  that  810° 
of  heat  had  been  carried  off  by  the 
steam.  Reversing  the  experiment,  he 
converted  a pound  of  water  into  steam, 
and  made  it  pass  through  the  worm 
of  a still,  by  which  he  found  that 
20°  of  heat  were  imparted  to  40  lbs.  of 
water  in  the  worm-tub,  and  inferred 
from  the  effect  produced  that  800°  of 
heat  must  have  been  given  out  by  the 
steam. 

A strong  phial  was  half  filled  with 
water,  close  corked,  and  heated  in  a 
vessel  of  sand;  after  the  water  h.ad 
boiled,  and  there  was  a strong  pressure 
within  the  phial,  Dr.  Black  suddenly 
withdrew  the  cork,  and  was  delighted 
to  find,  as  he  had  t»en  led  to  anticipate, 
that  a portion  of  the  wafer  only  was 
convert^  into  vapour,  and  that  the 
temperature  of  the  remaining  water  was 
reduced  to  the  boiling  point,  and  thus 
ascertained  that  all  uie  excess  of  heat 
was  expended  in  the  formation  of  va- 
pour. 


A similar  experiment  was  soon  after- 
wards performed  by  Mr.  Watt,  in  a 
more  satisfactory  manner.  “ He  put 
three  inches  of  water  into  a small  cop- 
per digester,  and  screwing  on  the  lid, 
he  left  the  safety-valve  open ; he  then 
set  it  on  a clear  fire  of  coke,  and  after 
it  began  to  boil  and  produce  steam,  he 
allowed  it  to  remain  on  the  fire  half  an 
hour  with  the  valve  open ; then  taking 
it  off  the  fire,  he  found  that  an  inch  of 
water  had  boiled  away.  In  the  next 
place,  he  restored  that  inch  of  water, 
screwed  on  the  lid,  and  set  it  on  the 
fire ; and  as  soon  as  it  began  to  boil, 
he  shut  the  safety-valve,  and  allowed  it 
to  remain  on  the  fire  half  an  hour,  as 
before.  The  temperature  of  the  whole 
was  maiw  degrees  above  the  boiling 
point.  He  took  it  off  the  fire,  and  set 
it  upon  ashes,  and  opened  the  valve  a 
very  small  matter:  the  steam  ruslied 
out  with  great  violence,  making  a 
shrieking  noise  for  about  two  minutes. 
When  this  had  ceased,  he  shut  the 
valve,  and  allowed  all  to  cool.  When 
he  opened,  it  he  found  that  an  inch  of 
water  was  consumed. — Black's  Lec- 
tures, vol.  1,  page  160. 

The  infcrenccs  drawn  by  Dr.  Black 
from  these  experiments  were,  that  the 
same  quantity  of  heat  entered  into  the 
water  in  the  second  as  in  the  first,  and 
that  as  much  escaped  with  the  steam 
which  rushed  out,  as  was  carried  off  by 
the  vaporization  of  the  water  when  the 
vessel  was  open. 

Under  the  usual  pressure  of  the  air, 
water  cannot  lie  heated  above  the  boil- 
ing point ; but  when  exjiosed  to  greater 
pressure,  by  being  confined  in  the  ves- 
sel, it  may  be  raised  to  a much  higher 
degree  of  heat,  and  if  the  excess  of 
heat  should  lie  insufficient  to  convert 
the  whole  of  the  water  into  vapour,  a 
portion  of  it  would  rush  out  in  steam  on 
opening  the  vessel,  and  the  remaining 
water  would  be  at  the  boiling  tempera- 
ture. 

Tlie  low  temperature  at  which  water 
boils  in  vacuo,  was  observed  by  Dr. 
Black,  and  explained  upon  the  same 
theory.  The  evaporation  of  alcohol 
and  ether  affords  still  more  striking 
illustrations.  Dr.  Cullen  found  that  on 
wetting  the  bulb  of  a thermometer  with 
either  of  these,  and  suspending  it  in  the 
air,  its  temperature  was  ra]iitlJy  reduced. 
The  greater  the  tendency  of  the  liquid  to 
assume  the  stale  of  vapour,  and  the 
more  its  evoporation  is  hastened  by 
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blowing  a eurrent  of  air  upon  it,  the 
greater  the  degree  of  cold  produced. 
A glass  goblet,  containing  water,  was 
place<l  by  iiim  upon  the  plate  of  an  air- 
pump,  a wide-mouthed  imial  containing 
vitriolic  ether  being  immersed  in  it ; a 
thermometer  was  so  suspended  to  a 
wire  passing  through  the  top  of  the  re- 
ceiver, that  its  bulb  could  be  dipped 
into  the  ether  and  taken  out  at  pleasure. 
On  exhausting  the  receiver,  tW  ether 
boiled  violently,  being  rapidly  converted 
into  vapour,  and  so  great  a degree  of 
cold  was  produced  by  this  evaporation 
that  the  water  sun-ounding  the  ether 
was  frozen,  altliough  the  temperature 
of  the  air  in  the  room  was  54°. 

By  this  experiment  it  was  proved  that 
ether  is  incapable  of  existing  as  a fluid 
when  the  pressure  of  the  air  is  removed, 
and  tluit  when  it  assumes  the  form  of 
vapour,  heat  is  absorbed  in  large  quan- 
tity. 

i.avoisier  proved  by  experiment  that 
in  cases  of  combination,  where  any  part 
of  the  combining  substances  assumes 
the  gaseous  state,  less  heat  is  evolved 
tlian  in  other  combinations  where  no 
aeriform  substance  is  produced,  the  heat 
which  would  otherwise  become  sensible 
being  expended  in  enabling  the  disen- 
gaged substance  to  assume  its  expanded 
form. 


In  order  to  prove  the  disengagement 
of  heat  which  had  been  absorbed  by 
water  when  it  returned  to  the  state  of 
ice.  Dr.  Black  exposed  pure  water  and 
water  containing  a Uttle  salt  in  solution, 
in  two  similar  vessels,  to  the  influence 
of  an  atmosphere  colder  than  32° ; the 
pure  water  b^an  to  freeze,  and  its  tem- 
perature remained  at  32°;  the  heat  set  free 
m the  process  of  congelation  being  suffi- 
cient to  counterbalance  the  abstraction 
of  heat  by  tlic  colder  atmosphere.  The 
temperature  of  the  water  which  had  salt 
dissolved  in  it.  continued  to  descend 
until  it  was  cooled  considerably  below 
the  freezing  point. 

But  the  evolution  of  heat  from  a 
latent  state  is  most  strikingly  shown 
when  vapour  is  condensed  into  water. 
Dr.  Black  inferred  from  his  cx])erimenls 
on  a still,  that  the  quantity  set  free  is 
from  774  to  750  degrees.  Mr.  Watt  re- 
peated the  experiments  with  a smaller 
still,  better  adapted  for  the  purpose,  and 
obtained  as  the  medium  result  of  many 
trials  823°  as  tlie  quantity  of  heal  set 
free.  He  adopted  another  mode  of 
pursuing  Uiis  enquiry.  A metallic 


cylinder,  with  ' a piston  accurately 
fitted  to  it,  was  filled  with  vapour; 
the  air  having  been  previously  expelled, 
the  piston  was  then  suddenly  forced 
doivn,  which  compressed  the  steam 
and  occasioned  the  extrication  of  a 
quantity  of  heat,  which,  according  to 
the  calculation  made  at  the  time,  would 
have  been  sufficient  to  raise  the  tempe- 
rature of  an  equal  weight  of  a body 
having  the  same  capacity  as  water,  and 
which  would  not  evaporate  943  de- 
grees. 

In  reviewing  the  progress  of  Dr. 
Black  in  these  important  discoveries,  a 
piedominant  feeling  of  the  mind  is  ad- 
miration of  the  simplicity  and  clearness 
with  which  he  explained  his  opinions, 
and  demonstrated  his  assertions ; for 
he,  instead  of  affecting  the  repulsive 
obscurity  of  scientific  phraseology,  still 
too  much  in  use,  stated  every  thing  in 
such  plain  language  that  every  pupil  of 
his  class  must  have  been  able  to  under- 
stand all  that  he  advanced  respecting 
this  new  department  of  science ; wliich, 
in  other  hands,  might  have  been  ren- 
dered more  than  sufficiently  difficult  and 
obscure. 

Another  suggestion  that  arises  in  the 
mind,  and  whien  challenges  admiration 
also,  is  the  freedom  of  this  distinguished 
philosopher  from  suspicion  and  jealousy : 
he  had  no  sooner  opened  this  delightful 
field  of  enquiry,  than  it  was  eagerly 
entered  by  other  philosophers,  several 
of  whom  were  encouraged  and  assisted 
by  Dr.  Black  him.self.  Mr.  Watt  was 
one  of  these ; and,  although  he  has 
explicitly  deni^  that  any  of  his  most 
important  inventions  were  suggested 
by  Dr.  Black,  yet  it  is  obvious  to  all 
who  are  acquainted  with  the  circum- 
stances under  which  these  philoso- 
phers were  placed  with  respect  to  each 
other,  that  the  very  important  inven- 
tions alluded  to  were,  in  all  probability, 
facilitated  by  the  previous  discovery  of 
latent  heat  by  Dr.  Black. 

It  is  not  intended  in  this  essay  to  en- 
large upon  the  application  of  these  dis- 
coveries to  the  improvement  of  the 
steam-engine,  hut  a brief  sketch  to  that 
eflect  may  not  lie  out  of  place. 

When  Mr.  Watt's  attention  was  first 
attracteil  to  the  steam-engine,  motion 
was  given  to  it  by  the  introduction  of 
steam  below  a piston  moving,  steam- 
tight,  in  a cylinder;  when  the  piston 
was  raised  its  elastic  force,  a jet  of 
cold  water  was  made  to  play  into  the 
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cylinder,  by  which  the  steam  wm  con- 
densed, and  a vacuum  produced;  the 
air  pressimr  upon  the  piston  above 
forced  it  down  into  the  cylinder,  raising 
tlie  weights  at  the  other  end  of  tlie 
beam  ; the  steam  was  then  permitted  to 
enter  again  to  elevate  the  piston,  as 
before. 

In  this  operation  it  will  be  obvious 
tliat  immense  quantities  of  steam 
must  be  lost  in  raising  the  tempera- 
ture of  the  Q’linder  to  the  boiling 
point,  ever)’  time  after  being  cooled 
with  cold  water,  and  exposure  to  the 
atmosphere,  and  consequently  corres- 
ponding portions  of  heat  wasted, 
amounting,  according  to  the  calculations 
of  Mr.  Watt,  to  half  the  quantity  used 
for  working  the  engine. 

It  was  seen  by  him  that  the  cool- 
ing of  the  working  cylinder  must  de- 
prive the  steam  of  its  latent  heat, 
and  occasion  its  condensation,  until  the 
cylinder  was  again  healed  to  212°.  To 
remedy  this,  after  many  experiments, 
Mr.  Watt  contrived  to  condense  the 
steam  in  a separate  vessel  without  cool- 
ing the  working  cyUnder.  A com- 
munication being  established  between 
the  cylinder  and  a separate  vessel,  called 
a condenser,  exhaustcxl  of  air  and  im- 
mersed in  cold  water;  the  moment  the 
steam  had  performed  its  office,  a valve 
was  opened,  by  the  working  of  the  en- 
pne,  which  permitted  the  steam  to  rush 
into  the  exhausted  vessel,  where  it  was 
condensed  by  the  cold  temperature  of 
the  vessel. 

This  is  decidedly  the  most  important 
of  the  numerous  inventions  of  Mr. 
Walt. 

To  prevent  the  cooling  effect  of  the 
atmosphere,  and  still  further  to  eco- 
nomize heat,  he  excluded  air  altogether 
from  the  cylinder,  by  making  Uic  piston- 
rod  work  through  a collar,  steam  being 
iiitroiluced  above  the  piston,  and  after- 
wards Ixitli  above  and  below  it ; w hen 
the  steam  had  pressed  the  piston  to  the 
top  it  was  allowed  to  escape  to  tlie  oon- 
denser ; and  steam  was  admitted  above 
to  press  it  down  into  the  vacuum  pro- 
duced below  by  condensation,  in  the  same 
way  the  steam  above  escaped  into  the 
condenser ; and  the  steam  entering  below 
forced  the  piston  up  into  tlie  vacuum,  so 
produced,  thus  enabUng  tlie  engine  to 
exert  great  power,  without  the  aid  of  at- 
mospheric pressure. 
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It  is  affirmed  that  Mr.  Watt,  when  ne 
first  began  to  operate  on  steam,  had 
neither  means  nor  leisure  to  permit  the 
use  of  a complicated  apparatus,  and, 
therefore,  made  some  ot  his  most  im- 
portant researches  wiUi  apothecaries' 
pliials.  In  tliis  way  he  discovered  that 
a cubical  inch  of  water  forms  a cubical 
foot  of  steam,  or  1728  inches ; and  tliat 
the  heat  evolved  by  the  condensation  of 
that  quantity  of  steam  would  be  suffi- 
cient to  heat  six  cubical  inches  of 
water  from  the  atmospherical  tempera- 
ture to  212  degrees.  It  is  now  usually 
considered  that  steam,  arising  from 
boiling  water,  occupies  1800  times  as 
much  syiace  as  the  water  from  which  it 
was  produced. 

The  apparatus  used  by  Dr.  Ure,  in 
his  researches  on  the  latent  heat  of 
vapours,  and  which  he  considered  well 
adapted  to  the  purpose,  although  ex- 
ceedingly simple,  consisted  of  a small 
glass  retort,  with  a short  neck,  inserted 
into  a globular  receiver  of  very  thin 
glass,  and  about  tiu-ee  inches  in  diame- 
ter. The  globe  was  surrounded  with 
a certain  quantity  of  water,  at  a known 
temperature,  in  a glass  basin.  A quan- 
tity of  the  liquid,thc  vapour  of  whicli  was 
to  be  examined,  amountingto  2ii(l  grains, 
was  put  into  the  retort,  and  rapidly  dis- 
tilled into  the  globe,  by  the  heat  of  an 
Argnnd  lamp.  His  experiments  were 
performed  wnen  the  temperature  of  the 
air  was  45°,  that  of  the  water  in  the 
basin  being  from  42°  to  43°;  the  heat 
imparted  the  condensation  of  steam 
to  tins  water,  never  raised  its  tempera- 
ture higher  than  about  four  degrees 
above  that  of  the  atmosphere,  and  each 
operation  generally  lasted  about  five  or 
SIX  minutes.  A very  delicate  thermo- 
meter was  constantlv  moved  through 
the  water,  and  its  indications  were  read 
off,  to  small  fractions  of  a degree,  by 
tlie  aid  of  a lens. 

The  elevation  of  iemperature  pro- 
duced in  these  experiments  being  so 
little  above  that  of  the  atmosphere.  Dr. 
Urewas  of  opinion  that  the  inlluenee  of 
the  air  did  not  affect  the  results.  The 
water  in  the  basin  weighed  32,340  grains, 
and  tlie  globe  was  held  steadily  in  its 
centre  by  a slender  ring  round  its  neck. 
The  experiments  were  repeated  a num- 
ber of  times  with  corresponding  results, 
which  are  si,.ted  in  the  following 
table : — 


Digitized  by 


49 


HEAT. 


Table  of  Latent  Heat  of  Vapours, 


Vapour  of  Water  at  it«  boiling  point  1000 

Alcohol,  »p.  gr.  825  457 

Ether,  boiling  itoint  119®  S12.9 

Petroleum 183.8 

Oil  of  Turpentine  183.8 

Nitric  acid,  sp.  gr.  1.491;  boiling  point  165  550 

Liquid  Ammonia,  np.gr.  0.978  865.9 

Vinegar,  Bp.  gr.  1 .007  90S 


Mr.  Watt  found  by  his  experiments 
that  the  latent  heat  of  steam  is  in  pro- 
portion to  the  degree  of  pressure  under 
which  it  is  produced,  being  least  when 
the  pressure  is  greatest. 

Clement  connected  a small  steam- 
boiler,  capable  of  Ijcaring  a high  degree 
of  pressure,  by  means  of  a pipe  with  a 
given  quantity  of  water,  at  a known 
temperature,  in  a bucket,  into  which  he 
admitted  steam  at  the  temperature  of 
212°  for  some  time,  and  then  measured 
the  increase  of  heat  and  of  bulk  which 
the  water  had  received  by  the  conden- 
sation of  steam.  Water  was  next  heated 
in  the  boiler  until  the  steam  had  twice 
the  elasticity  which  it  possesses  at  212°. 
This  steam  being  admitted  into  another 
quantity  of  water,  equal  to  the  first, 
until  its  volume  was  increased  in  the 
same  degree,  when  he  found  that  the 
same  quantity  of  heat  had  been  im- 
parted. He  tried  the  experiment  also 
with  steam,  the  elastic  force  of  which  was 
equal  to  three  atmospheres,  and  ob- 
tained a similar  result. 

From  these  experiments  he  inferred 
that  equal  weights  of  steam,  of  what- 
soever temperature,  contain  equal  quan- 
tities of  heat ; the  latent  heat  diminish- 
ing as  the  sensible  heat  increases. 

The  following  Table  of  the  elastic 
force  of  tlie  vapour  of  water  in  inches 
of  mercury,  is  by  Dr.  Ure : — 


Ttnnp. 

Forr<*. 

Tetnp. 

Force. 

2*’ 

0.170 

120® 

s.soo 

S2 

0.200 

125 

.S.8S0 

40 

0.2.50 

1 ISO 

4.  see 

.*>0 

o.sno 

1 1S5 

5.070 

55 

0.416 

no 

5.770 

f.O 

0.5J6 

145 

6.600 

€5 

0.650 

150 

7.530 

70 

0,7^6 

155 

8.500 

75 

0.8G0 

160 

9 600 

m 

1.010 

165 

10.8D0 

85 

1.170 

170 

12.0.50 

90 

1 .SCO 

175 

13.550 

95 

1.610 

180 

15.160 

100 

1.860 

185 

IC.OOO 

105 

2.100 

ro 

19.000 

110 

2.456 

195 

21.100 

115 

2.830  1 

200 

23.600 

Temp. 

Force. 

Temp. 

Force. 

205® 

35.900 

273®. 7 

91.200 

210 

28.880 

275 

93.480 

212 

30.000 

275.7 

91.600 

216.6 

34.400 

277.9 

97.800 

220 

35.540 

279.5 

101.600 

231.6 

86.700 

280 

lUI .900 

225 

39.110 

281.8 

104.400 

226.3 

40.100 

283.8 

107.700 

230 

43.100 

285.2 

112.200 

230.5 

43.500 

387.2 

114.800 

2S1.5 

46.800 

289 

1 18.200 

285 

47.220 

290 

120.150 

238.5 

50 . 300 

293.3 

123.100 

240 

51.700 

294 

126.700 

242 

53.600 

295.6 

ISO. 400 

215 

56.840 

295 

129.000 

215.8 

57.100 

297.1 

133.900 

248.5 

60.400 

298.8 

137.400 

250 

61 .9{)0 

300 

1.39.700 

251.6 

63.500 

300.6 

140.900 

254.5 

66.700 

302 

141.300 

255 

67.250 

303.8 

147.700 

257 . 5 

09.800 

305 

1.50. '560 

260 

72 . 300 

306.8 

154.400 

260.4 

72.800 

308 

157.700 

262.8 

75.900 

310 

161  ..300 

261.9 

77.900 

31 1.4 

164.800 

265 

78.040 

.313 

167.000 

267 

81.900 

269 

81.900 

Aaother  ] 

Experiment. 

270 

86  300 

312® 

165.5 

271.2 

88.000 

The  small  steam-boiler  a,  iflg.  16,) 
is  ns  convenient  as  any  that  has 
been  contrived  for  exjxriments  on 
latent  heat.  The  boiler  is  furnished 
with  two  stop-cocks,  b and  (/,  to  the 
latter  of  whidi  is  screwed  the  pipe  e : 
when  the  latent  heat  of  vapour  is  to  be 
determined,  water  is  put  into  the  boiler, 
and  made  to  boil  by  the  application  of 
an  Argand  lamp  f : the  end  of  the  pipe 
e being  immersed  in  a given  quantitv  of 
water  in  a vessel  e,  furnished  with  a 
thermometer  A.  After  the  water  has 
boiled  for  some  time,  the  increase  of 
weight  of  the  water  in  the  vessel  g may 
be  ascertained,  and  then  the  indication 
of  the  thermometer  will  show  how 
much  heat  has  been  imparted  to  the 
water  by  the  condensation  of  a quantity 
of  steam  equal  to  the  increase  of  weight. 
Tlie  effect  thus  produced  may  be  com- 


Digitized  by  Google 


HEAt. 


49 


pared  with  that  which  would  result 
from  the  addition  of  an  equal  weight  of 
boiling  water ; and  it  will  be  found  that 
a given  weight  of  steam,  at  2 1 2°,  has 
the  power  ot  heating  water  many  times 
more  than  an  equal  weight  of  water  at 
the  same  temperature.  The  thermo- 
meter c passes  through  a collar  into  the 
boiler  a,  for  the  purpose  of  ascertaining 
the  heat  of  its  contents. 

Dr.  Ure  remarks  that  it  is  the  greatly 
superior  relation  to  heat  which  steam 
ossesses  above  water,  that  makes  the 
oiling  point  of  that  fluid  so  perfectly 
stationary,  in  open  vessels,  over  the 
strongest  fires ; and  he  found  that  va- 
pours which  have  less  latent  heat  are 
not  capable,  by  their  formation,  of 
keeping  their  respective  liquids  while 
boiling  at  the  same  uniform  tempera- 
tures. This  he  found  to  be  the  case 
with  oil  of  turpentine,  petroleum  and 
sulphuric  acid,  which  being  heated 
briskly  in  common  glass  phials,  they 
rose  from  twenty  to  thirty  degrees  above 
the  points  at  which  they  boileil  in 
hemispherical  capsules. 

The  gases  being  similar  to  vapour  in 
thrir  high  relation  to  heat,  when  they 
enter  into  liquid  or  solid  riates,  heat 
is  copiously  evolved.  The  fixation  of 
gaseous  matter  in  the  burning  of  bodies, 
occasioning  the  evolution  of  heat,  was 
beheved  by  Lavoisier  and  others  to  be 
the  sole  source  of  heat  in  the  process  of 
combustion.  The  cause  of  ebuthtion,  or 
boiling,  is  the  formation  of  vapour  at 


the  bottom  of  a vessel,  m consequence  of 
the  application  of  heat  there ; the  vapour 
being  so  much  lighter  than  the  fluid, 
bubbles  of  it  continually  rise  to  the  sur- 
face and  escape ; the  passage  of  these 
vapour  bubbles  through  the  water  pro- 
duces that  agitation  which  is  called 
boiling,  or  ebullition.  Under  the  usual 

firessure  of  the  air,  water  boils  near  the 
evel  of  the  sea  at  212“  of  Fahrenheit; 
but  when  that  pressure  is  reduced,  less 
heat  is  sufficient  to  produce  ebullition  ; 
as  when  water  is  carried  up  the  side  of 
a mountain,  the  greater  the  height,  the 
less  heat  will  be  required  to  make  the 
water  boil,  because  a great  proportion 
of  the  heavy  column  of  air  which  occa- 
sions the  pressirre  is  left  beneath.  Upon 
this  principle  the  thermometrio  baro- 
meter of  the  Rev.  Mr.  Wollaston  is 
constructed,  which  indicates  the  eleva- 
tion of  any  place  above  the  level  of  the 
sea,  by  the  diSerence  in  the  heat  re- 
quired to  make  water  boil  at  that  ele- 
vation. A difference  of  one  degree 
in  the  boiling  point  of  water  is  occa- 
sioned by  a diffoence  in  height,  which 
lowers  the  barometer  0.589  of  an 
inch,  and  corresponds  very  nearly  to  a 
difierence  of  elevation  amountmg  to 
520  feet. 

Saussure  found  that  water  boils  at 
the  top  of  Mont  Blanowhen  heated  to 
187  degrees. 

The  boiling  point  of  water  differs  ac- 
cording to  the  state  of  the  air:  when 
the  barometer  stands  at  31  niches,  more 
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heat  is  required  to  make  water  boil 
than  when  it  U at  28  inches. 

Ex.  The  effect  of  a reduced  pressure 
in  promoting  the  vaporization  of  fluids 
may  be  illustrated  with  the  aid  of  an 
air-pump.  A portion  of  water  below 
the  boiling  point  being  put  into  a small 
glass  jar,  and  placed  under  the  receiver 
of  an  air-pump,  on  exhausting  the  re- 
ceiver ebullition  will  commence  with 
great  violence,  and  continue  until  the 
water  is  reduced  to  70°  of  Fahrenheit, 


because,  by  the  action  of  the  pump,  the 
pressure  of  the  air  is  greatly  reduced. 
This  experiment  proves  the  utility  of  the 
air's  pressure;  for  witliout  it  water 
would  be  incapable  of  remaining  in  the 
fluid  state,  and  would  all  assume  the 
staite  of  vapour. 

Dr.  Ure  has  given  the  following 
table  in  his  Dictionary  of  Chemistry, 
of  the  boiling  points  of  the  most  im- 
portant liquids  according  to  Falu^n- 
heifs  scale : — 


Table  of  Boiling  Points. 


Ether. ...  sp.  er. 

0.7365  at  46“  .... 

G.  Lusmc.  . 

. 100 

Carburet  of  sulphur  

Ditto 

113 

Alcohol,  sp.  gr. . . 

0.818 

Urc 

173.5 

Nitric  acid 

1.500  

Dalton  . . 

. 210 

Watrr  

. 219 

Saturated  tol.  of  Glaub.  salt 

Biot 

2\^ 

Ditto  Sugar  of  lead 

Ditto 

215| 

Ditto  Sea  aalt 

Ditto 

224^ 

Muriate  of  Lime  « . 

1 + water  i 

Ure 

230 

Ditto 

35.5  rh  ditto  64.5 

Ditto 

235 

Ditto 

40.5  -h  diUO  50.5 

Ditto 

240 

Muriatic  acid  . . . . 

1.094 

Dalton 

232 

292 



1.047 

229 

, 1.45 

940 

1.42 

218 

1.10 

247 

l.SS 

242 

1.80 

236 

Ditto 

1.16 

Ditto 

220 

Rectified  petroleum 

Urc  

308 

Oil  of  l•rpentioe  . 

Ditto 

816 

Sulpb.  acid.  ap.  gr. 

1.80 

Dalton  . . . . 

240 

Ditto 

1.408 

Ditto 

260 

Ditto 

1.590 

Ditto 

290 

1.650...,  

3.50 

Ditto 

1.670 

Ditto 

360 

1.699 

.371 

Ditto 

1.730 

Ditto 

391 

1.780 

433 

1.810 

473 

1.819. 

487 

Ditto 

1.897 

Ditto 

501 

1 .«*».  . 

Ditto 

1.842 

Ditto 

645 

1.84T..  ! 

1 A48 

1.849 

80.1 

l.ft.V) 

690 

1.848 

600 

Phoiphorui  

554 

570 

610 

Mercury  (Duloog  662") 

656 

The  vapours  which  arise  from  these 
liquids,  at  their  boiling  points,  are  ca- 
peme  of  balancing  a pressure  of  the 
atmosphere  equivuent  to  that  of  thir^ 


inches  of  mercury,  but  the  vapours 
arising  at  inferior  temperatures  have 
less  elastic  power. 
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Tablk  of  the  Elastic  forces  of  the  Vapours  of  Alcohol,  Ether,  Oil  of  Turpentine, 
Petroleum,  or  Naphtha,  by  Dr.  Ure, 


Ether. 

Alcob.  ap.  0.813. 

Alcob.  tp.  ^r.  0 81 3. 

Petreleom. 

torea 

Forca 

Forca 

Force 

Tamp. 

of 

Temp. 

of 

Tanp. 

of 

Temp. 

of 

Vapour. 

Vapour. 

Vapour. 

Vapoor. 

SI* 

6.20 

32® 

0.40 

193.3* 

46.60 

31 6» 

30.00 

44 

8. 10 

40 

0.56 

196.8 

50.10 

890 

31.70 

51 

10.30 

45 

0.70 

200 

53.00 

325 

34.00 

64 

18.00 

50 

0.86 

206 

60.10 

830 

86.40 

74 

16.10 

55 

l.OO 

810 

65.00 

835 

88.00 

81 

20.00 

60 

1.23 

214 

69.30 

310 

41.60 

91 

21.70 

65 

1.49 

216 

72  20 

315 

44.10 

104 

30.00 

70 

1.76 

290 

78.50 

350 

44.86 

2.10 

87.50 

xn.fiii 

1 Sad  Ether. 

80 

9.45 

230 

91.10 

360 

53.30 

85 

865 

5b.VLI 

105 

30.00 

90 

8.40 

236 

103.60 

870 

60.70 

no 

32.54 

95 

3.90 

238 

106.90 

872 

61.90 

115 

35.90 

100 

4.50 

940 

111.24 

875 

64.00 

120 

39.47 

10.5 

a 90 

944 

118.20 

125 

43.24 

no 

6.00 

947 

199.10 

OilofTvpaa.  | 

130 

47.11 

115 

7.10 

948 

196.10 

Temp. 

Force  of 

1S5 

51.90 

120 

8.10 

849.7 

131.40 

Vapour. 

no 

56.90 

125 

9.25 

950 

189.30 

M5 

62.10 

130 

10.60 

952 

136.60 

801* 

30.00 

150 

67.60 

135 

12. 15 

954.3 

143.70 

307.6 

39.  CO 

155 

73.60 

no 

13.90 

258.6 

151.60 

310 

88.50 

160 

80.30 

115 

15.95 

960 

155.90 

SIS 

85.90 

165 

86.40 

150 

18.00 

969 

161.40 

820 

37.06 

170 

99.80 

155 

20.80 

964 

166.10 

828 

37.80 

175 

99.  10 

160 

22.60 

896 

40.90 

180 

108.30 

165 

95.40 

880 

49.10 

185 

116.10 

ITO 

28.30 

836 

45.00 

190 

124.80 

173 

30.00 

810 

47.30 

195 

138,70 

178.3 

33.50 

843 

49.40 

900 

142.80 

ISO 

84.73 

847 

51.70 

205 

151 .30 

182.8 

36.40 

850 

5S.80 

210 

166.00 

185.3 

39.90 

854 

56.60 

190 

43.20 

357 

58.70 

360 

60.80 

868 

69.40 

The  low  temperature  at  which  water 
boils  in  vacuo,  may  be  illustrated  by 
another  experiment 

Ex.  Adapt  a good  cork  covered  on 
the  upper  part  with  a thick  coatine  of 
sealing-wax,  to  a glass  flask  with  a 
long  neck  a (Jig.  17);  put  water 
to  the  depth  of  about  an  inoh  and  a 
half  into  it,  and  apply  the  heat  of  a 
spirit-lamp  until  it  boils ; permit  the 
boiling  to  continue  for  a short  time,  wd 
then,  having  put  on  a worsted  glove,  in- 
troduce the  cork ; press  it  down,  and  re- 
move the  flask  from  the  lamp.  The 
water  will  boil  a little  after  the  heat 
ceases  to  be  applied.  On  plunging  the 
flask  into  the  jar  b,  containing  cold 
water,  the  boiling  will  recommenoe  with 


great  violence,  and  will  continue  until 
fh«  water  in  the  flask  is  nearly  cold. 
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If  the  flask  is  taken  out  before  the 
boiling  ceases,  and  is  plunged  into  hot 
water,  it  will  immediately  stop  boiling, 
being  re-plunged  into  the  cold  water  the 
boiling  will  begin  again. 

I n this  experiment  the  air  is  exclu- 
ded, and  the  vessel  is  filled  with  steam 
before  the  cork  is  introduced.  Tlie 
vessel  being  removed  from  the  lamp,  the 
water  boils  a little,  because  the  air  of 
the  atmosphere  coming  into  contact 
with  its  sides,  condenses  a portion  of 
the  steam  within,  and  thus  lessens  the 
pressure  upon  its  surface ; so  that  it  is 
enabled  to  boil,  although  its  temi>era- 
ture  be  reduced. 

When  the  flask  is  plunged  into  cold 
water,  the  steam  within,  losing  its  latent 
heat,  is  condensed ; and  the  water,  being 
liy  its  condensation  freed  from  pressiure, 
boils  with  violence. 

If  the  flask  be  now  plunged  into 
water,  near  the  boiling  point,  it  will  in- 
stantly cease  to  boil,  because  the  heat 
will  convert  a small  portion  of  the 
water  within  the  flask  into  vapoiu-, 
which,  occasioning  a new  pressure,  pre- 
vciits  the  water  from  boiling  in  its  cooled 
state  ; or  being  re-plunged  into  the  cold 
water,  tnis  minute  quantity  of  vanonr 
is  condensed,  and  the  water  in  the  flask 
boils  again. 

When  fluids  are  subjected  to  a greater 
degree  of  pressure  than  that  of  the  at- 
mosphere, they  require  higher  degrees 
of  heat  to  make  tliem  bod.  Tlie  ap- 
paratus, (^g'  18,)  is  well  adapted  to 
illustrate  this  fact.  The  hollow  globe  a 
is  composed  of  two  strong  hemispheres 
of  brass,  screwed  together  with  flanges: 
some  quicksilver  is  first  poured  into 
this  globe,  wliich  is  then  about  lialf 
filled  with  water;  the  barometer  tube 
b passes  through  a steam-tight  collar, 
and  has  its  end  immersed  in  the  quick- 
silver : c is  a tbennometer  for  the  pur- 
pose of  ascertaining  the  temperature  of 
tlie  wat.r  during  the  experiments ; its 
scale  is  graduated  as  high  as  400“,  and 
passes  tlirough  a steam-tight  collar ; d, 
IS  the  brass  frame  and  stand  upon 
which  the  glolie  rests ; e is  a spirit  lamp, 
and  / is  an  aperture  closed  liy  a .stop- 
cock. The  stop-cock  lieing  closed,  and 
heat  applied  to  Uiis  vessel,  the  tempe- 
rature^of  tlie  w ater  soon  rises  above  the 
boiling  point.  When  the  heat  arrives  at 
218  degrees  the  mercurj'w  ill  lie  elev.ated 
to  six  inches  in  tlie  tube,  by  the  clastic 
pressure  of  the  steam  ; at  224  the  mer- 
cury will  h.ave  ascended  twelve  inches, 
rising  an  inch  for  every  increased  de- 


grWj  of  heat.  At  242  degrees  the  elas- 
ticity of  the  steam  will  balance  a 


column  of  quicksilver  tfrirty  ineties  high  . 
which  is  equal  to  the  pressure  of  one- 
atmosphere. 

The  facility  with  which  steam  imparts- 
its  vast  treasures  of  heat  to  any  body 
colder  than  itself,  fils  it  admirably  for 
many  purposes  in  domestic  life  and  the 
arts.  Heat  applied  in  this  way  is  much 
preferable  to  the  heat  of  a fire,  for  mak- 
ing extracts  of  vegetables  in  pharmaceu- 
tical preparations,  for  heating  dyers'  and 
brewers'  vats,  for  the  preparation  of 
colours,  for  warming  baths,  for  (hying 
manufactured  goods,  for  heating  apart- 
ments, and  for  culinary  operations. 

Steam  may  be  applied  in  two  different 
ways  for  the  purpose  of  heating  largai 
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tluantiticfi  of  fluids : in  one  of  these,  the 
end  of  a pipe  convey  ine  steam  from  tlie 
boiler  is  immersed  in  the  liquid  to  be 
heated ; the  steam  issuing  from  the  pipe 
is  condensed,  and,  its  latent  heat  being 
set  free,  raises  the  temperature  of  the 
liquid.  When  steam  is  applied  in  this 
vay  to  the  contents  of  vessels,  they  can- 
not be  heated  higher  than  within  two  or 
1hree  degrees  of  the  boiling  point,  al- 
though the  water  seems  to  boil : the 
quantity  of  water  mvist  also  be  greatly 
increased  by  the  condensation  of  the 
steam,  in  this  way  of  applying  it ; and 
this  circumstance  would  be  unfavour- 
able to  some  processes.  The  other  way 
of  applying  it  is  to  enclose  the  vessel, 
steam-Ught.  within  another,  penniUing 
steam  to  occupy  the  space  between.  In 
this  way  the  w ater  may  be  brought  to  a 
boiling  heat,  much  sooner  than  if  the 
vessel  containing  it  were  placed  over  an 
open  fire. 

Mr.  Parkes  made  an  experiment  with 
a vessel  of  this  kind,  intended  for  pre- 
paring colours : its  diameter,  at  the  top, 
was  twenty  inches ; it  was  eighteen 
inches  deep,  in  the  fbrm  of  an  inverted 
bec-hivc,  and  calculated  to  hold  twenty 
gallons.  Being  filled  with  cold  water, 
at  52®  Fahrenheit,  steam  was  admitted 
into  the  space  between  the  two  vessels. 
In  six  minutes  the  temperature  of  the 
twenty  gallons  of  water  was  raised  to 
190®,  in  eight  minutes  to  200®,  in  ten 
minutes  to  208®,  and  in  eleven  minutes 
lo  212®. — Parkes  Chemical  Essays^ 
vol,  V.  p.  46. 

It  is  estimated  that  one  gallon  of 
water  converted  into  steam,  will  heat 
six  gallons  at  50°  to  the  boiling  point,  or 
eighteen  gallons  from  50®  to  100®,  mak- 
ingabundant  allowance  for  waste. 

The  heat  imparted  to  the  air  bj'  steam- 
pipes  is  )ieculiarly  clegible  for  warming 
apartments ; diffusing  a genial  and  de- 
lightful warmth,  combining  comfort  with 
cleanliness  and  safety.  Calculations 
applied  to  the  warming  of  manufactories 
by  steam,  make  it  appear  that  one  cubic 
loot  of  boiler  will  heat  about  two  thou- 
sand cubic  feet  of  space,  to  the  tempera- 
ture of  70®  or  80® ; and  that  one  foot  of 
surface  of  steam-pipe  is  sufRcient  to 
warm  200  cubic  feet  of  space.  Cast- 
iron  pipes  are  considered  best  for  diffus- 
ing heat,  and  they  should  be  placed  near 
the  floor. 

Stfiam  is  a most  effectual  and  con- 
venient agent  for  preparing  food.  A 
close  boiler,  of  any  kind,  t)eing  con- 
nected with  a range  of  vessels  intended 


for  cooking,  steam  will  rush  into  them, 
and  heat  them  to  the  boiling  tempera- 
ture, and  maintain  them  at  the  same 
as  long  as  the  w ater  in  the  boiler  is 
kept  in  a state  of  ebullition.  Animal 
fo(^  prepared  in  this  way  is  considered 
by  the  best  judges  lo  be  more  nutriti- 
ous and  easier  of  digestion  than  the 
same  kind  of  food  boiled  in  the  usual 
way. 

Evaporation. 

The  doctrine  of  latent  heat  is  beauli- 
fully  illustrated  by  the  effects  of  evapo- 
ration. Since  fluids,  when  they  evapo- 
rate, require  that  large  quantities  of 
sensible  beat  sliould  enter  into  them, 
and  become  latent,  to  enable  tliem  to 
assume  the  expanded  state  of  vapour, 
all  evaporation  produces  cold.  On  this 
account,  showers  in  summer  cool  and 
refresh  the  earth,  because  the  water 
which  is  spread  over  its  surface  evapo- 
rates quickly,  and  carries  away  with  it 
the  superfluous  heat. 

Ex.  The  experiment  of  Dr.  Cullen, 
already  alluded  to,  by  which  water  was 
frozen  round  a phial  of  ether,  under  a 
receiver,  exhausted  by  the  air-pump, 
illustrates  the  effect  of  evaporation  m 
prbducing  cold.  The  experiment  is  now 
usually  performed  by  setting  a watch- 
glass  containing  water  upon  a stand, 
under  the  receiver  of  an  air-pump ; a 
thin  metallic  cup,  containing  ether,  is 
placed  in  the  middle  of  the  w atch  glass. 
As  the  exhaustion  proceeds  the  rapid 
evaporation  of  the  ether  makes  it  boil, 
and  the  water  to  freeze  at  the  same 
time ; so  that  the  metallic  cup  will,  in 
a short  time,  be  flxed  in  the  centre  of  a 
cake  of  ice. 

Fluids  evaporate  in  vacuo  at  degrees 
of  tempOTalure  from  120®  to  125®  lilow 
their  boiling  point,  when  exposed  to  at- 
mospherical pressure.  Advantage  has 
been  taken  of  this  circumstance  in 
Howard’s  plan  for  refining  sugar,  and 
in  plans  for  preparing  pharmaceutical 
extracts  in  vacuo.  The  boiler,  or  eva- 
porating vessel,  of  Mr.  Barry's  appara- 
tus for  this  purpose,  is  connected  by  a 
pipe,  having  a stop-cock,  with  a copper 
spnere,  three  or  four  times  as  large  as 
itself.  When  the  juice  or  infusion  to  be 
inspissated  has  been  introduced  into  the 
boiler  or  still,  it  is  closed  air-tight,  the 
stop-cock  between  the  boiler  and  the 
copper  sphere  being  shut ; steam  is  then 
introduced  into  the  latter  until  it  issues 
out  at  an  aperture  uncondensed,  when, 
the  aperture  being  closed,  the  steam  is 
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eondented  by  permitting  itlo  rush  into  a 
refrigerator  immersed  in  cold  water. 
The  stop  cock  in  the  pipe  leading  from 
the  boiler  is  then  opened,  and  a large 
proportion  of  its  air  rushes  into  the  ex- 
hausted sphere.  This  process  is  re- 
peated, until  the  vacuum  in  the  boiler 
IS  sufficiently  perfect.  Heat  is  applied 
to  the  boiler  by  a water-bath.  Ttie  pe- 
culiarities of  this  plan  are  the  produc- 
tion of  a vacuum  without  the  aid  of  an 
air-pump,  and  the  particular  methods 
used  for  condensation. 

By  combining  the  exhaustion  of  an 
air-pump,  and  the  absorbent  power  of 
sul]miuic  acid,  Mr.  Leslie  succeeded  in 
freezing  water.  ITie  experiment  seas 
first  made  in  June  1810.  A watch-glass, 
filled  with  water,  was  placed  over  a 
shallow  vessel,  filled  srith  sulphuric 
acid;  the  air-pump  brans  Partlr  ex- 
hausted, vapour  was  raised  wundanfiy 
from  the  water,  and  absorbed  Iw 
acid,  which  occasioned  such  a degree 
of  cold  as  to  freeze  the  water  in  a very 
short  time.  Fig.  19,  represents  an 


arrangement  used  for  tins  pnrjnse:  a is 
the  paju  receiver;  b a bnus  {date  ftir- 
nislM  srith  astop-coekandstand,  andrar- 
pablc  of  bemg  attached  to  the  aar-pump ; 
e,  the  fist  glass  dish  for  ludi&nrtM  sid- 
phuric  acid : d,  the  vessel  ccmt^ing  the 
water  to  be  frozen,  supported  upon  a 
stand ; f is  a cover  attachral  to  a sliding- 
rod.  By  this  process  ice  may  be  readuy 
obtained,  in  sznoil  tmantities,  at  any  sea- 
son of  the  year.  When  the  water  to  be 
frozen  has  berai  previously  deprived  of 
air  by  boiHng,  the  process  of  eongda- 
tion  goes  on  more  slowly,  but  the  ice 
ibrm^  acouires  a gietAer  degree  of 
solidity,  llie  process  may  be  stopped 
by  lowering  the  cover  e,  upon  ihe  vessel 
containing  the  water;  and  it  proceeds  as 
before,  tm  moment  the  cover  is  raised 


up  agmn.  A saucer  of  porous  earthen- 
ware is  best  adapted  for  holding  the 
water;  and  other  absorbents,  such  as 
parch^  oatmeal,  the  powder  of  mould- 
ering whinstone,  porous  ignited  pieces 
of  muriate  of  lime,  and  even  the  dry 
powder  of  pipeclay  may  be  used  instead 
of  sulphuric  acid.  A hemispherical 
porous  vessel  of  earthenware,  containing 
one  pound  and  a quarter  of  water  was 
placed  by  Mr.  Leslie  over  a body  of 
parched  oatmeal,  one  foot  in  diameter, 
and  one  inch  deep:  by  working  the 
pump  for  some  time,  the  whole  of  tlie 
water  was  frozen. 

The  natives  of  India  dexterously 
avail  themselves  of  the  combined  ef- 
fects of  radiation  and  evaporation,  for 
the  purpose  of  obtaining  a supply  of 
ice,  when  the  temperature  of  the  an-  is 
much  higher  than  the  freezing  point. 
Excavations,  about  thirty  feet  square 
and  two  fert  deep,  are  made  in  the 
laige  open  plains  near  Calcutta ; these 
excavations  are  covered  at  the  bottom, 
to  the  depth  of  about  a foot,  with  tlie 
dried  stalks  of  Indian  corn  or  sugar- 
canes,  Rows  of  small  unglazed  earthen 
vessels,  about  an  inch  and  a quarter 
deep,  are  placed  upon  this  bed.  Soft 
water  which  has  been  boiled,  and 
suffered  to  oool,  is  poured  into  these 
vessels ; in  the  dusk  of  the  evening, 
in  December,  January,  and  February, 
part  of  the  water  is  usually  frozen  when 
the  weather  is  clear.  The  ice  is  col- 
leeted  at  sunrise,  and  thrown  into  a 
deep  pit,  which  is  lined  with  straw  and 
coarse  Uanketing ; the  mouth  of  the 
nit  is  closed  up  with  straw,  and  sheltered 
by  a thatchea  roof. 

Quicksilver  may  be  frozrai  by  the 
united  influence  of  evaporation,  rare- 
faction and  absorption.  A portion  of 
the  metal  being  put  into  a hollow  pear- 
shaped  piece  01  ice,  it  must  be  sus- 
pended over  a large  surface  of  sul- 
phuric acid ; when  the  exhaustion  of  the 
receiver  is  made  as  complete  as  possi  • 
bte,  the  quicksilver  will  be  frozen,  and 
may  be  kept  in  a solid  state  for  several 
hours.  Other  modes  of  eflecting  the 
congelation  of  quicksilver  have  been 
adopted  with  success. 

Dr.  Urc,  in  his  l>?ctures  at  Glasgow, 
recommended  several  plans  for  effect- 
ing the  congelation  of  water  in  con- 
siderable quantities.  A series  of  cast- 
iron  plates,  ground  so  as  to  fit  the 
receivers  accurately  which  were  placed 
upon  them,  were  attached  to  an  air- 
pump,  by  screws  and  stop-cocks,  so 
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that  all  the  receivers  mieht  be  exhausted 
at  the  same  time.  Another  and  more 
effectual  plan  was  to  till  a cast-iron 
cylinder  or  drum,  of  considerable  di- 
mensions, with  steam,  by  boiling  a 
small  quantity  of  water  in  it ; the  air 
being  cxpclleo,  the  steam  is  condensed 
by  cold  water.  A vessel  of  sulphuric 
acid,  and  another  of  water,  being  placed 
under  a receiver,  upon  a plate  attached 
to  the  drum  by  a pipe  with  a stop- 
cock, and  a communication  made  vrith 
the  exhausted  dnim,  the  air  in  the  re- 
ceiver will  be  rarefied  so  as  to  occasion 
the  congelation  of  the  water.  If  the 
vacuum  in  the  cylinder  could  be  made 
nearly  perfect,  its  size  being  sixty  times 
greater  than  that  of  the  receiver,  the  air 
within  the  latter  would  be  rarefied  sixty 
times  ; and  the  moisture  of  the  cylinder 
would  be  excluded  by  turning  ttic  stop- 
cock again,  after  the  communication 
had  been  effected. 

The  effect  of  evaporation  in  with- 
drawing heat  is  admirably  illustrated 
by  the  process  of  perspiration.  The 
natural  temperature  of  the  human  body 
is  from  90°  to  98° ; but  when  we  take 
very  active  exercise,  or  when  we  are 
exposed  to  a great  degree  of  heat, 
there  is  a tendency  to  a rise  of  tempe- 
rature above  that  which  is  conducive 
to  health ; and  the  most  injtuious  effects 
would  ensue,  if  they  were  not  prevented 
by  perspiration.  Whenever  this  ten- 
dency bemns  to  be  experienced,  a 
watery  fluid  is  brought  to  the  surface 
of  the  skin,  that,  by  its  evaporation,  the 
body  may  be  cooled  to  the  healthy 
temperature. 

Examples  of  the  power  of  the  human 
Dody  to  support  heat,  under  apparently 
dangerous  circumstances,  have  been 
placed  upon  record.  Sir  Joseph  Banks 
and  Sir  Charles  Blagden,  being  anxious 
to  ascertain  the  highest  degree  of  heat 
that  the  human  body  can  endure  with- 
out injury,  went  into  an  apartment 
prepare  for  their  reception  by  Dr. 
Fordyce.  The  account  given  of  this 
experiment  by  Sir  Charles  Blagden  may 
be  seen  in  the  Philosophical  Transac- 
tion* for  1775,  pp.  Ill  and  484.  The 
^mperature  of  the  room  was  gradually 
rais^  until  it  became  52°  hotter  than 
boiling  wafer,  as  indicated  by  thermo- 
meters in  different  parts  of  the  room. 
Many  persons  may  feel  disposed  to 
doubt  the  coirectnesa  of  these  indica- 
tions ; but  they  were  abundantly  con- 
firmed by  other  circumstances  ob- 
served at  the  time.  The  gentlemen 


found  that  their  watch-chains,  and  aB 
other  metallic  articles  about  their  per- 
sons, were  so  hot  that  they  could  not 
bear  to  touch  them  ; egn  placed  upon 
a tin  freme  were  roastedhard  in  twenty 
minutes,  and  a beef-steak  was  overdone 
in  thirty-three  minutes. 

Notwithstanding  the  extraordinary 
degree  of  heat  to  which  the  experi- 
menters were  exposed,  the  temperature 
of  their  bodies  was  not  raised. 

It  is  affirmed  that  evaporation  did 
not  take  place  from  the  skin  ; but  it  is 
difficult  to  imagine  that  ^ey  could 
have  remained  so  long  under  the  cir- 
cumstances described  without  the  pro- 
tecting influence  of  perspiration,  espe- 
cially as  it  is  well  known  that  copious 
perspiration  is  usually  the  result  of 
exposure  to  high  degrees  of  heat. 

Apartments  in  India  are  often  sepa- 
rate! from  the  courts  by  curtains  in- 
stead of  walls ; and  these  curtains,  in 
order  to  cool  the  air  in  tlie  rooms,  are 
continually  sprinkled  with  wafer,  the 
rapid  evaporation  resulting  occasions 
a reduction  of  temperature  from  10  to 
15  degrees. 

The  porous  vessels  of  earthenware 
which  arc  used  for  wine-coolers  act 
upon  the  same  principle ; being  dipped 
in  wafer,  they  imbibe  a quantity  of  it, 
which  gradually  evaporates ; and,  as  a 

Sart  of  the  heat  necessary  to  convert 
le  water  into  vapour  will  be  taken 
from  a bottle  of  wine  placed  in  it,  the 
wine  is  considerably  cooled. 

The  people  who  cross  the  deserts  of 
Arabia  in  large  parties  called  Caravans, 
load  camels  with  earthenware  bottles 
filled  witli  water,  and  preserve  the 
water  at  a cool  temperature  on  the 
principle  of  evaporation,  by  wrapping 
the  jars  in  linen  cloths,  which  they  keep 
moist  with  wafer. 

According  to  Athenseus,  the  Egyp- 
tians avail^  themselves  of  the  same 
principle.  Servants  were  employed 
during  the  night  to  keep  pitchers  of 
water  constantly  wet,  that  the  water 
might  be  cooled  by  evaporation ; and  to 
preserve  it  at  the  low  temperature  to 
which  it  was  thus  brought,  me  pitchers 
were  bound  round  with  straw  in  the 
morning. 

Dr.  Wollaston  has  invented  an  ele- 
gant instrument  for  the  purpose  of  il- 
lustrating the  effect  of  evaporation  in 
producing  cold,  and  calls  it  the  Cryo- 
phorus,  or  frost-bearer.  It  consists  of  a 
glass  tube,  from  eighteen  inches  to  two 
i&t  in  length,  having  an  internal  dia- 
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meter  of  one-eighth  of  an  inch;  the 
tube  is  bent  into  right  angles  near  the 
ends,  both  of  which  are  terminated 
by  bulbs  {fig.  20.)  One  of  the  bulbs 


Fig.  20. 


is  nearly  half  filled  with  water,  which 
being  made  to  boil,  the  air  is  expelled 
from  the  tube  and  bulbs,  which  remain 
filled  with  steam ; the  open  bulb  is 
then  closed  by  melting  tlie  glass  at  its 
capillan’  termination.  The  inshmment 
having  been  thus  prepared,  is  ready  for 
use.  When  the  empty  bulb  is  im- 
mersed in  a mixture  of  salt  and  snow, 
the  vapour  existing  within  it  is  con- 
densed, a vacuum  is  produced,  which, 
removing  pressure  from  the  surface 
of  the  water  in  the  other  bulb, 
enables  it  to  evaporate  rapidly ; the 
vapour  being  condensed  as  fast  as  it  is 
produced,  the  water  is  therefore  speedily 
frozen,  although  it  may  be  at  the  dis- 
tance of  two  or  three  feet  from  the 
bulb  which  is  immersed  in  the  cooling 
mixture. 

AVhen  the  human  frame  has  lieen 
exposed  to  a considerable  degree  of 
heat,  and  the  clothes  have  become 
moist  with  perspiration,  danger  is  in- 
curred by  sudden  and  continued  ex- 
posure to  air  of  a lower  temperature, 
on  account  of  the  cold  produced  by 
evaporation,  by  which  the  Body  is  liable 
to  be  too  much  reduced  in  temperature. 

The  bulb  of  a mercurial  thermome- 
ter, being  surrounded  with  cotton  or 
tow,  kept  moist  with  ether,  and  ex- 
posed to  a current  of  air,  the  tempera- 
ture of  the  quicksilver  may  be  reduced 
far  below  zero  of  Fahrenheit's  scale. 

A small  animal  would  be  deprived 
of  its  vital  heat,  in  a very  short  time, 
by  exposure  to  a current  of  air,  while 
wet  with  ether. 

Ex.  The  instrument  called  a pulse- 
glass,  (fig.  21,)  is  a glass  tube  with 


a bulb  at  each  end  of  the  form  re- 
presented. It  is  partly  filled  with 
coloured  spirit  of  wine,  and  partly  with 
air ; when  it  was  closed  by  the  blow- 
pipe, a portion  of  the  spirit  of  wine  had 


been  converted  by  heat  into  vapour, 
which  occasioned  a part  of  the  air  to 
be  expelled,  so  that  the  air  remaining 
within  is  very  thin  or  rare.  When  the 
bulb  which  contains  the  liquid  is 
grasped  in  the  hollow  of  a warm  hand, 
the  air  above  the  liquid  and  the  vapour 
mixed  with  it  are  expanded,  and  press- 
ing upon  the  liquid,  force  it  over  to 
the  otlier  side ; the  bulk  of  the  liquid 
having  passed  over,  a rapid  bubbhng, 
similar  to  boiling,  instantly  commences ; 
a portion  of  spirit  of  wine  remains  ad- 
hering to  the  surface  of  the  bulb ; this 
small  portion,  being  converted  into 
vapour,  passes  over  along  with  a por- 
tion of  the  expanded  air,  and  rising  up 
through  the  liquid,  occasions  the  ap- 
pearance alluded  to.  There  is  yet 
another  circumstance  attending  this 
experiment  which  requires  to  be  men- 
tioned and  explained.  As  soon  as  the 
bubbling  begins,  an  intense  sensation 
of  cold  is  felt  in  the  hollow  of  tlie 
warm  hand,  on  account  of  the  heat 
which  is  suddenly  withdrawn,  to  enable 
the  spirit  of  wine  to  assume  the  state 
of  vapour;  for  lliis  change  cannot  be 
effected  until  a quantity  of  sensible 
heat  enters  into  it,  and  becomes  latent 
or  concealed  heat 

The  air-thermometer  (fig.  5,  page  15) 
will  answer  well  to  illustrate  the  effect 
of  evaporation  in  producing  cold. 

Ex.  A little  ether  being  poured  upon 
the  bulb  of  tliis  instrument,  heat  will 
be  absorbed  during  the  evaporation, 
to  enable  the  ether  to  assume  the  cv- 

anded  state  of  vapour ; a part  of  this 

eat  being  taken  from  the  air  within 
the  instrument,  it  contracts  in  bulk,  and 
permits  the  liquid  to  rise  considerably 
higher  in  the  tube,  indicating  the 
quantity  of  heat  withdrawn. 

DistiUalion. 

In  the  process  of  distillation  for  the 
purpose  of  obtaining  alcohol,  that  fluid 
having  been  produced  by  fermentation, 
it  is  to  be  separated  from  the  water 
with  which  it  is  mixed ; and  that  distiller 
is  the  most  skilful  who  can  separate  the 
largest  quantity  of  alcohol  at  the  least 
expense,  and  without  imparting  any 
disagreeable  flavour.  The  principle 
upon  which  the  separation  is  effected 
is  the  greater  volabli^  of  the  alcohol, 
or  spirit  of  wine,  as  it  is  usually  called ; 
consequently  it  assumes  the  state  of 
vapour  more  readily  than  the  water 
with  which  it  is  mingled.  This  vapour 
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beinc;  brought  into  contact  with  cold 
■urfaces,  is  deprived  of  its  latent  heat, 
and  condensed  into  a liquid;  this  is 
effected,  when  the  process  is  carried  on 
npon  a large  scale,  by  making  the 
vapour  pass  through  a descending 
spiral  tube,  which  is  technically  callecl 
a worm,  and  which  is  immersed  in  a 
large  quantity  of  cold  water  frequently 
renewed. 

As  the  varieties  in  the  process  of 
distillation  are  very  numerous,  it  is  not 
intended  to  describe  tliem  here,  but 
only  to  explain  the  general  principles. 
The  following  experiment  will  assist  in 
explaining  the  important  but  simple 
process  of  the  distillation  of  alcohol. 

Er.  Into  a glass  alembic  a,  (y^. 
22,)  put  a mixture,  composed  of  one 


Fig.  22. 


part  spirit  of  wine,  and  seven  or  e^ht 
parts  water,  coloured  with  a Uule 


tincture  of  litmus  or  sulphate  of  indigo. 
But  before  it  is  put  into  the  alembic, 
light  a piece  of  ^per,  and  plunge  it, 
while  burning,  into  the  miidurc ; the 
flame  will  be  extinguished:  this  will 
prove  that  the  mixture  is  uninflammable. 
Apply  the  heat  of  a spirit-lamp  b,  and 
in  a very  short  time  the  lower  part  of 
tlie  distillatorv  apparatus  will  tiecome 
dim  with  moisture ; a portion  of  the 
alcohol  will  be  raised  in  vapour,  and, 
coming  into  contact  with  the  sides  of 
the  vessel,  will  be  condensed,  but  this 
vessel  will  very  speedily  become  too 
hot  to  condense  the  vapour ; it  will  then 
ascend  into  the  capital  of  the  alembic  e, 
and  being  there  condensed  by  the 
coldness  of  its  sides,  will  run  down 
into  the  groove,  and  fr-om  thence  into 
the  receiver  d ; when  the  upper  part  of 
the  apparatus  becomes  too  hot  to 
effect  condensation,  the  vapour  will 
pass  into  the  receiver  and  he  condensed 
there.  In  a short  time  after  the  co- 
loured mixture  boils,  a small  quantity 
of  a pure,  colourless  liquid  will  lie  ac- 
cumulated in  the  receiver ; if  this  liquid 
lie  poured  into  a saucer  and  a piece  of 
huniing  paper  be  applied,  it  will  take 
fire  and  burn  to  diyness.  Thus,  it  will 
be  proved  that  from  a coloured,  unin- 
flanimalile  mixture,  a pure,  colourless 
inflammable  spirit  may  be  obtained  by 
the  process  of  distillation. 

A verv  useful  form  of  still  is  re- 
presented fig.  23 : o,  is  the  furnace ; 
b,  the  capital  of  the  copper  still ; c,  a 
part  of  the  chimney ; d,  the  worm-tub, 
containing  cold  water  for  condensing  the 
vapour  that  enters  the  spiral  tube. 
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Mr.  Watt,  in  the  coarse  of  his  ex- 
periments on  water}  vapours,  was  led 
fo  expect  that  a temperature  of  70° 
would  be  sufficient  for  the  distillation 
of  water  in  a vessel  exhausted  of  air, 
tlie  refriRCrator  being  immersed  in 
snow.  The  experiment  was  tried  by 
him  and  succe^ed ; he  used  a small 
still,  which  was  about  half  filled  with 
water  and  then  securely  joined  to  a 
receiver,  having  an  aperture  below. 
As  soon  as  the  water  in  the  still  was 
made  to  boil,  the  vapour  filled  the 
receiver  and  expelled  the  air  at  the  open 
aperture,  which  was  then  closed  with  a 
plug.  The  still  was  then  cooled  by 
Ming  set  on  ice,  which  occasioned  the 
condensation  of  steam  in  the  receiver. 
On  the  apphcatioii  of  a lamp,  steam 
was  again  produced ; and,  on  im- 
mersing the  receiver  in  cold  water,  dis- 
tillation proceeded  at  a low  tempera- 
ture. The  noise  of  boihng  was  dis- 
tinctly heard  in  the  still,  although  the 
top  of  it  scarcely  seemed  warm  to  the 
hand.  Mr.  Watt  found  from  this  and 
other  experiments,  conducted  with 
greater  care,  that,  although  distillation 
may  be  effected  with  very  little  heat  in 
vacuo,  no  advantage  in  regard  to  the 
saving  of  tael  can  be  obtained,  as  the 
latent  heat  of  the  steam  is  increased  in 
roportion  to  the  diminution  of  sensi- 
le  neat. 

Distillation  in  vacuo  has.  notwith- 
standing, been  adopted  in  several  cases, 
with  great  success,  where  excellence  in 
the  products  of  distillation  is  the  prin- 
cipal olject. 

This  process  has  been  adopted  by 
^Ir.  Henry  Tritton,  who  uses  a still 
nearly  of  the  common  form,  which  is 
immersed  in  hot  water,  instead  of  being 
placed  in  close  contact  with  fire.  The 
pipe  proceeding  from  the  upper  part  of 
the  still,  passes,  in  the  usual  way, 
tlirough  a vessel  containing  a large 
quiintity  of  cold  water,  and  then  com- 
municates with  a capacious  vessel 
which  is  capable  of  being  exhausted  of 
air  by  an  exhau.sting  syringe,  or  air 
pump,  attached  to  it.  When  the  water 
surrounding  the  still  is  heated,  and  the 
air  witlidrawn,  distillation  proceeds  ra- 
pi<%,  at  a very  low  temperature. 

The  same  process  has  been  adopted, 
with  great  advantage,  in  the  distilla- 
tion of  vinegar,  at  the  extensive  and 
admirably-managed  vinegar  manufac- 
tor  of  Messrs.  Charles  Pott  and  Co., 
on  the  Siurey-side  of  Southwark  bridge. 


Vinegar,  subjected  to  distillation,  is 
freed  from  its  usual  colour,  and  ren- 
dered perfectly  pellucid.  It  was  found 
impossible,  however,  to  distil  it  in  the 
usual  way  without  imparting  a disagree- 
able burned  kind  of  flavour;  this  is 
entirely  avoided  by  distiUation  in  vacuo, 
as  the  heat  of  the  vapour  raised  is 
only  130°  of  Fahrenheit's  scale. 

Tlie  process  of  distillation  by  which  a 
ga.seoiis  tKxiy  is  set  five  from  one  state  of 
combination,  for  the  purpose  of  making 
it  enter  into  another,  is  of  a different 
kind,  and  requires  different  manage- 
ment. This  may  be  illustrated  by  a 
brief  description  of  the  process  for  ob- 
taining liquid  muriatic  acid,  upon  a 
small  scale.  Five  parts  of  strong  sul- 
phuric acid  having  been  added  to  six 
parts  of  decrepitated  sea- salt,  in  a 
tubulated  glass  retort,  muriatic  acid 
gas  is  set  free,  and  is  made  to  pass 
through  water,  contained  in  a series  of 
glass  vessels,  called  Woolfe's  bottles, 
which  are  so  contrived,  that  the  gas 
may  lie  subjected  to  a degree  of  pres- 
sure, for  the  purpose  of  facilitating  its 
union  with  the  water.  Safety  tulies  are 
applied  to  prevent  danger  from  the 
elastic  pressure  of  the  gas,  and  also 
from  its  sudden  condensation.  The 
process  being  continued  until  the  water 
IS  saturated  with  the  gas,  it  becomes 
liquid  muriatic  acid. 

Respecting  the  cause  of  liquefaction, 
vaporization,  and  other  phenomena 
which  have  been  described,  there  have 
been  differences  of  opinion.  Dr.  Black 
believed  that  those  changes  are  occa- 
sioned by  the  absorption  of  heat,  which 
remains  combined  with  bodies  that 
have  changed  from  the  solid  to  the 
fluid  state,  until  they  resume  the  solid 
state  again ; ami  with  tiodies  which 
have  changed  from  the  fluid  to  the 
aeriform  stale,  until  they  resume  the 
fluid  state  again.  Although  Dr.  Black 
did  not  express  himself  clearly  upon 
this  point,  there  is  reason  to  believe 
that  he  considered  the  caloric,  while  in 
a latent  or  concealed  .state,  to  lie  com- 
bined with  the  bodies,  in  a way  which 
licars  a strong  analogy  to  chemical 
combination. 

Dr.  Irvine  mainfiuned  that  when 
heat  is  absorbed  by  bodies,  in  conse- 
uence  of  a change  in  their  state,  it 
oes  not  enter  into  combination  with 
them,  but  exists  in  them  in  the  same 
state  as  the  other  caloric  which  they 
contain ; the  iiicressed  quantity  being 
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rendered  necessary  in  consequence  of 
an  enlarged  capacity  for  heat  which  the 
body  acquires  on  its  change  of  state. 
Ingenious  arguments  have  been  ad- 
Tanced  in  support  of  both  these  opi- 
nions ; and,  perhaps,  the  preponderance 
of  probability  may  be  in  favour  of  the 
last  mentioned. 


Chapter  X. 

Of  Artificial  Mode*  of  lotoering  Tem- 
perature. 

ItfravsB  cold  may  be  produced,  upon 
the  principle  of  the  rapid  absorption  of 
heat  by  bodies  when  they  pass  from  the 
solid  to  the  fluid  state.  The  effects  of 
freezing  mixtures  depend  upon  this 
principle.  Solid  saline  substances  are 
used  for  this  purpose,  some  of  them 
being  much  better  adapted  than 
others. 

A reduction  of  1 7®  may  be  obtained 
by  saturating  water  at  a moderate  tem- 
perature with  nitre.  Muriate  of  am- 
monia lowers  the  temperature  from  26® 
to  28®.  Nitrate  of  ammonia  dissolved 
in  its  own  weight  of  water  effects  a re- 
duction from  Stf”  of  Fahrenheit's  scale, 
to  4®  of  the  same ; and  a mixture  of 
three  parts  of  muriate  of  lime  with  two 
parts  of  water,  lowers  the  thermometer 
from  36°  to  1°  below  zero. 

It  was  discovered  by  Mr.  Walker, 
that  a greater  degree  of  cold  may  be 
produced  by  the  smution  of  several  salts 
at  the  same  time.  Five  parts  muriate 
of  ammonia,  five  parts  nitre,  and  six- 
teen parts  water,  reduce  from  SU°  to 
11®,  and  the  salts  may  be  again  obtained 
by  evaporation,  and  will  answer  equally 
well  a great  number  of  times. 

When  dilute  acid  is  used  instead  of 
water,  the  solution  is  effected  more  ra- 
pidly, and  the  cold  produced  is  there- 
fore greater.  Nine  parts  of  phosphate 
of  scda,  six  parts  mtrate  of  ammonia, 
and  four  parts  diluted  nitric  acid,  mixed 
together,  cool  the  thermometer  from  50® 
above  zero  to  21®  below  it. 

By  the  action  of  acids  upon  snow 
great  degrees  of  cokl  are  produced. 
When  the  acids  are  used  in  an  undi- 
luted state,  LowHz  aflirms  that  the 
muriatic  is  the  most  powerful,  then  the 
nitrous,  and  lastly  the  sulphuric:  but 
when  sidphuric  acid  is  diluted,  it  is 
more  powerful  than  the  others,  a de- 


gree of  cold  equal  to  91°  having  been 
produced  liy  its  agency. 

Mr.  Walker,  by  successive  cooling 
of  the  materials,  succeeded  with  eight 
parts  of  snow  and  ten  parts  of  diluted 
sulphuric  acid,  in  reducing  temperature 
to  91®  below  zero  of  Fahrenheit. 

The  methoii  most  generally  used  de- 
pends upon  the  mutual  action  of  snow 
or  ice,  and  solid  salts  upon  each  other. 
Experiments  of  this  kind  were  made  by 
Fahrenheit,  for  the  purpose  of  regu- 
lating the  commencement  of  his  scale. 
Similar  experiments  have  been  made  by 
many  others,  with  greater  effect  since 
that  time.  By  mixing  solid  dry  potash 
with  snow,  Lowifz  obtained  a ironctiou 
of  temperature  from  32®  to — 93°.  With 
a mixture  of  three  parts  diy  muriate  of 
lime,  and  two  parts  snow,  he  succeeded 
in  freezing  35  pounds  of  quicksilver. 

Fourcroy  and  Vauqiiclin  produced 
cold,  lu-  mixtures  of  this  kind,  65°  below 
zero  of  Fahrenheit. 

In  the  course  of  their  experiments, 
they  found  that  a saturated  solution  of 
ammonia  in  water  crystallized  at  —44° 
and  at  —56°,  was  converted  into  a semi- 
tninsparent  mass,  and  lost  nearly  all  its 
pungent  odour.  At  the  last-mentioned 
temperature  nitrous  acid  crystallized, 
sulphuric  ether  became  thick  and  milky 
at  —48°,  and  at  length  formed  a white 
mass  composed  of  small  cry.stals.  Thw 
failed  in  all  their  attempts  to  solidify 
alcohol. 

Ammonia  in  the  form  of  gas,  made  as 
dry  as  possible,  was  exposed  by  Guyton 
do  Morveau,  in  a glass  balloon,  to  a mix- 
ture of  muriate  of  lime  and  snow,  and 
was  condensed  into  a liquid  at  the 
temperature  of  —56°. 

In  forming  freezing  mixtures  in 
which  saline  substances  are  used,  it 
is  necessary  th.it  they  should  be  newly 
crystallized,  neither  humid  nor  efflo- 
rescent. and  finely  pulverized.  The 
materials  intended  to  produce  cold 
ought  to  be  well  mixeil,  and  os  quickly 
as  possible,  in  a vessel  just  large  enough 
to  contain  it ; and  the  substance  to  re 
congealed  should  be  exposed  to  the 
freezing  mixture  in  a tliin  glass  vessel. 
When  snow  is  used  it  should  be  light 
and  dry,  and,  if  possible,  newly  fallen. 
Before  experiments  are  made,  the  ma- 
terials will  frequently  require  to  be 
cooled,  which  is  done  by  exposing  them 
separately  in  thin  glass  or  tm  vessels  to 
freezing  mixtures,  care  being  taken  not 
to  cool  them  below  the  points  at  which 
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the/  act  upon  each  other.  To  illustrate 
the  necessity  of  this  precaution,  it  may 
be  mentioned,  that  snow  and  common 
salt  have  no  action  upon  one  another 
when  mixed  at  the  temperatiu'e  of  — 1 0"^ 
of  Fahrenheit 

Messrs.  Allen  and  Pepys  solidihed 
56  pounds  of  quicksilver  by  the  use  of 
1.3  pounds  of  muriate  of  lime,  and  the 
same  weight  of  snow.  The  whole  of 
these  were  not  mixed  at  once,  as  one 
proportion  was  expended  in  cooling  the 
other. 

To  succeed  with  the  experiment  upon 
a small  scale,  a few  ounces  of  mercury 
in  a thin  glass  retort  may  be  exposed 
to  a mixture  of  one  pound  of  crj  stal- 
lized  muriate  of  lime,  with  the  same 
quantity  of  snow ; when  this  mixture 
ceases  to  reduce  the  temperature,  ano- 
ther similar  one  should  be  used,  which 
seldom  fails  to  effect  congelation. 

Dr.  Henrj'  recommends  the  appa- 
ratus represented  in  section,  (Jig.  24.) 


Fig.  24. 


The  outer  vessel  a a,  he  dh-ecU  to 
be  of  wood,  about  12)  inches  square 
and  7 inches  deep.  It  should  have  a 
wooslen  cover,  rabbeted  in,  and  fur- 
nished with  a handle.  Within  this  is 
placed  a tin  vessel  b,  standing  on 
feet  which  are  1)  in.  high,  and  having 
a projection  at  the  top  half  an  inch 
Irroad  and  an  inch  deep,  on  which 
rests  a shallow  tin  pan  c.  Within  the 
second  vessel  is  a third,  d,  made  of  un- 
tinned iron,  and  supported  by  feet  two 
inches  high ; this  vessel  is  four  inches 
square,  and  is  intended  to  contain  the 
mercury.  W'hen  the  apparatus  is  used, 
a mixture  of  muriate  of  lime  and  snow 
is  put  into  the  outer  vessel  a a,  so  as 
completely  to  surround  the  middle  ves- 
sel o 6.  Into  the  latter  the  vessel  d, 
containing  the  quicksilver  to  be  fi  ozen, 
previously  cooled  down  by  a freezing 
mixture,  is  put ; and  this  is  immediately 
surrounded  by  a mixture  of  snow  and 
muriate  of  lime,  previously  cooled  to  0° 
of  Fahrenheit,  by  an  artificial  mixture 
of  snow  and  common  salt.  The  pan  c 
is  also  filled  with  these  materials,  and 
the  wooden  cover  is  then  put  in  its 
place.  The  vessels  are  now  left  till  the 
quicksilver  is  frozen.  The  solution  of 
muriate  of  lime  may  be  evaporated,  and 
tlie  salt  crj'stallizM  for  future  experi- 
ments.— Henry's  Chemistry,  vol.  i.  p. 
94,  and  description  of  plate  4. 


The  following  Tables  exhibit  a col-  who  made  a gi-eat  many  experiments 
lective  view  of  all  the  frigorific  mix-  upon  the  artificial  production  of  cold, 
tures  in  the  pubheation  of  Mr.  Walker, 

Tabi,i!,  consisting  of  Frigorific  mixtures  having  the  power  of  generating  or 
creating  cold  without  the  aid  of  ice,  sufficient  for  all  useful  and  philosophi- 
cal purposes  in  any  part  of  the  world  at  any  season. 


FRIGORIFIC 

MIXTURBS 

WITHOUT  ICS, 

MIXTURES. 

Thermometer  Sinks. 

Pe/we  of 
Cold 

PAirrs. 

produced. 

Munate  of  Ammoma 

6 1 

Nitrate  of  Potaah... 



► From  + 5(K  to  + 10®. 

....40® 

Muriate  of  Ammonia..  

S'] 

Nitrate  of  Potash 

.s 

> -f-50 

to  + 4 . . 

....46 

Sulphate  of  Soda 

S 

Water 

Nitrate  of  Ammonia 

Water 

! } 

+50 

to  + 4 •• 

....46 

Nitrate  of  Ammonia  

Carbonate  of  So<la 

Water 

1 } 

-f-50 

lo-T  .. 

...JT 
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MIXTURES. 

Sulphate  of  Soda  ........ 

Diluted  Nitric  Acid 

Sulphate  of  Soda 

hlnriate  of  Ammonia 

Nitrate  of  Potash 

Diluted  Nitric  Acid 

Sulplmte  of  Soda 

Nitrate  of  Ammonia 

Diluted  Nitric  Acid 

Phosphate  of  Soda 

Diluted  Nitric  Acid 

Pliospliaie  of  Soda 

Nitrate  of  Ammonia 

Diluted  Nitric  Acid 

Sulplmte  of  Soda 

Muriatic  Acid 

Sulphate  of  Soda  

Diluted  Sulphuric  Acid.  . 


ThcrmoEDstcr  Sisks. 

From +50®  to— 


Derres  of 

Cold 

produood. 
..  55® 


+50  to  — 10 eo 


+ 50 

to  - 14 

. . 64 

+50 

to  — 12  .. 

...62 

+ 50 

lu  — 21  .. 

...71 

450 

to  — 0 . . . 

. . . 50 

+50 

to  + 3 ... 

. ..47 

N.  B.  If  the  materials  arc  mixed  at  u warmer  lempeiature  than  (hat  expressed  in  the 
Table,  the  eflecl  will  be  proportionably  greoterj  thus,  if  the  most  j>owerfiil  of  theso 
mixtures  be  made  when  the  air  is  + 85®,  it  will  sink  the  thermometer  to  + 2®. 


Table,  consisting  of  Frigorific  Mixtures  composed  of  Ice,  with  chemical 
Salts  and  Acids. 


FRIQORIFIC  MIXTURES  WITH  ICE. 


MIXTURES. 

h.\BTS 

Snow,  or  pounded  Icc 3 

Muriate  of  Soda , 1 

Snow,  or  pounded  Ice  5 

Muriate  of  Soda 8 

Muriate  ut  Ammonia 1 

SnoxT,  or  pounded  Ice 34 

Muriate  of  Soda 10 

Muriate  of  Ammonia 5 

Nitrate  of  Potash 5 

Snow,  or  pounded  Ice 13 

Muriate  of  Soda  5 

Nitrate  of  Ammonia.* 5 

Snow 5 

Diluted  Sulphuric  Acid  3 

Snow 8 

Muriatic  Acid 5 

Snow 7 

Diluted  Nitric  Acid 4 

Snow  4 

Muriate  of  Lime 5 

Snow 2 

Crystallized  Muriate  of  Lime 5 

Snow 3 

Potash  4 


TkcriDOHictor  Sinks. 


of 

Cold 

produced. 


to  — 5® 

(o  — 19 

to  — IS 


} 

} 

} 

} 

} 

} 

} 


i 

to  — 

25 

• 

From  + 

S3® 

to  — 

23 

55 

+ 

82 

to  — 

27 

. . 50 

r2 

to  — 

30 

63 

+ 

32 

to  — 

40 

. . 72 

+ 

32 

to  — 

50 

82 

+ 

S3 

to  — 

51 

..  83 

N.B — ^I'he  reasons  for  the  omissions  in  the  last  column  of  this  Table  it,  tiie  ther- 
mometer sinking  m these  mixtures  to  the  degree  mentioned  in  the  preceding  column, 
■od  never  lower,  whatever  may  be  the  tempeiatucc  of  the  malenulsal  mixing. 
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Table,  consisting  of  Frigorific  Mixtures  selected  firom  the  foregoing  Tables,  and 
combined  so  as  to  increase  or  extend  Cold  to  the  extremest  degree. 


COMBINATIONS  OF  FRlCOXiriC  MIXTURES. 
IXTURK8.  Tbenn9(D«ter 


MIXTUREJ^. 

r4ATf. 

Phosphate  of  Soda 5 

Nitrate  of  Ammonia  8 

Diluted  Nitric  Acid 4 

Phosphate  of  Soda  8 

Nitrate  of  Ammonia  8 

Diluted  mixed  Acids  4 


n"r"  Vv  ■■■T  j o ]•  - 0 to  — te  ..46 

Diluted  Nunc  Acids  S j 

Snow 8 

Diluted  Sulphuric  Acid  8 V — lOto—56  ..  46 

DllutcdNitric  Acid  8 J 

Sl^Ldsi/^hmiVAad-;::::::;:;  1 } - >o  .o  - co  ..  « 

Snow  ••••••• 3 1 + 10  to  — M ..61 

Muriate  of  Lime  4 } 

viable  ii  Lime  3 } - 15  to  - 68  ..  58 

?r°rtalii’zVd'  Murial^^^^^  S } - 0 to  - 66  .66 

Snow 1 1 Art  » <ra  «« 

Cr/stallized  Muriate  of  Lime  •««.  8 J ""  ^ ** 

Spow  8 I _ gg  to  - 91  ..  SS 

Diluted  Sulphuric  Acid  10  } 

N.B. — The  materials  in  the  first  column  are  to  be  cooled,  previoualf  to  mixiDg,  to  the 
temperature  required,  by  mixtures  taken  from  either  of  the  preceding  Tables. 


Table  of  Congealing  or  Freezing  Temperatures  of  various  Liquids, 
according  to  Fuirenhett's  Scale. 


Sulphuric  Ether.. 
Liquid  Ammonia 

Nitric  Acid 

Sulphuric  Acid 

Mercury 

Nitric  Acid  .... 
Sulphuric  Acid 
Nitric  Acid  .... 

Ditto 

Ditto  

Brandy 

Sulphuric  Acid. . 
Pure  Prussic  Aci< 
Common  Salt  . . . 
Ditto 

Sal  Ammoniac  .. 
f’ommon  Salt  . . . 
Ditto 

Oil  of  Turpentine 
Stronp  Wines  . , , 
Hochelle  Salt  .. . 
Common  Salt  . . . 
Oil  of  Bergamot 
Blood 


—46® 

-46 

sp.  gr<  1.424  —4.5.5 

ap.  gr.  1 .6115  —45 

—89 

•p.gr.  1.407  -80.1 

sp.gr.  1.8064  —26 

sp.  gr.  1 .3880  — 18. . 

sp.  gr.  1 .258.8  —17,7 
sp.  gr.  1.8290  — 2.4 

— 7.0 

sp.  gr.  1 .8876  + 1 


..  25 

+ 

water 

75 

4 to 
4 

5 

22.2 

+ 

do. 

77.8 

7. 

2 

20 

+ 

do. 

80 

8 

20 

+ 

do. 

80 

9. 

5 

16.1 

+ 

do. 

83.9 

18. 

8 

14 

20 

.•SO  + water  50  2 1 

10  + do.  90  91.5 

98 

9fi 


Digitized  by  Google 


HEAT. 


63 


Common  Sail 6,25  + water  95.75  25®. 5 

F.ptoni  Salt  41.6  do.  58.4  25.5 

Nitre  12.5  + do.  87.5  26 

Common  Salt  4.16  + do.  95.81  27.5 

Copperas  41.6  *4"  do.  58.4  28 

Vinegrar  28 

Sulphate  of  Zinc 58.8  + water  46.7  28.6 

Milk 80 

Water 80 


The  rays  of  the  sun  constitute  the 
most  important  natural  source  of  heat. 
Various  opinions  have  been  entertained 
respecting  the  cause  of  this  kind  of 
heat.  Sir  Isaac  Newton,  influenced  by 
the  obvious  analogy  existing  between 
the  sun  and  terrestrial  bodies  rendered 
luminous  by  heat,  believed  the  sun  to 
be  an  intensely  hot  body,  having  the 
power  of  projecting  hot  particles  from 
its  surface,  which  when  tJicy  come  into 
contact  witli  other  bodies  impart  heat 
to  them.  Another  hj’pothesis  was  main* 
tained  by  Descartes  and  Huvgens,  and 
adopted  by  many  other  plulosophers, 
which  supposes  that  luminous  bodies 
have  the  power  of  propagating  vibra- 
tions through  an  extremeiy  rare  and 
elastic  fluid  that  is  diffused  through  all 
space ; and  that  heat  is  occasioned  by 
these  vibrations. 

Several  circumstances  influence  tlie 
degree  of  heat  communicated  to  diffe- 
rent parts  of  the  earth’s  surface  t>v  the 
solar  rays ; the  chief  of  these  ore  eleva- 
tion, distance  from  the  sea,  and  more 
particularly  latitude.  The  extremes  of 
temperature  over  the  globe,  ore  com- 
prehended within  a range  of  about  160® 
of  Fahrenheit:  the  heat  in  the  shade 


having  been  observed  in  tropical  climates 
to  attain  1 10®,  as  at  Pekin ; at  Pondi- 
cherry it  has  risen  to  115®;  while  at 
Hudson's  Bay  the  spirit  thermometer 
has  sunk  to  — 50®,  ten  degrees  low-er  than 
the  freezing  point  of  quicksilver. 

Tlie  range  of  temperature  capable 
of  being  produced  by  art  is  much 
more  extensive.  By  reference  to  the 
preceding  tables,  it  will  be  seen  that 
the  greatest  degree  of  cold,  hitherto 

f)roduced,  is  91®  below  zero  of  Fahren- 
w'lt ; while  the  highest  degree  of  heat 
attempted  to  be  measured,  is  that  of 
Mr.  Wedg^vood‘s  small  air-fumace, 
which  he  considered  equal  to  21,877® 
of  the  same  scale. . More  intense  heat 
may  be  produced  by  the  agency  of  a 
powerful  voltaic  combination,  and  by 
enflamlng  a condensed  mixture  of 
oxygen  and  hydrogen  gases,  issuing  from 
a small  aperture. 

Heat  may  be  artificially  produced 
by  electricity,  galvanism,  cond^sation, 
friction,  percussion,  and  chemical  action, 
but  the  full  consideration  of  these,  to- 
gether with  ignition,  and  the  economy 
of  fuel,  will  afford  abundant  useful 
and  interesting  matter  for  another  trea- 
tise. 
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Books  relating  to  Heat, 

The  books  which  have  been  writlon  on  this  subject  are  very  numerous,  and  of  verjr 
various  degrees  of  merit.  The  following  list  contains  a selection  of  the  moat  useful. 

The  Philosophical  Transactions  contain  many  important  Essays  by  Black,  Blagdcn, 
Cavendish,  Darwin,  Delisle, Count  Rumford,  Smeaton,  Walker,  Wedgwood,  and  others. 

The  Annales  de  Chrmie  are  rich  in  original  communications  on  heat  ; r«nJ  many  are 
contained  in  Nicholson’s  Journal,  the  Philosophical  Magazine,  the  Manchester  Me- 
moirs, the  Annals  of  Philosophy,  the  Transactions  of  the  Royal  Society  of  Edinburgh, 
Gilbert**  Journal  dcr  Physik,  Rozier's  Journal  de  Physique,  and  the  Journal  of  Science. 

Marttne  on  Heat  and  Thermometers. 

Dr.  Crawford  on  Animal  Heat. 

De  Luc*s  Rf*cherches  sur  Jes  Modifications  del’Atmospliero. 

Dalion*8  New  System  of  Chemical  Philosophy. 

Count  Rumford’s  Essays. 

Dr.  Black’s  Lectures,  by  Robison. 

Chemical  Statics,  by  Berthollet. 

8cheelc*a  Treatise  on  Air  and  Fite. 
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Voya^sdei  Alpes»  par  Saussurc. 

Lealie*»  Experimental  Inquiry  into  the  Nature  of  Heal 
IvC»lic  on  Heat  and  Moisture. 

R^cherches  sur  la  Chaleur,  par  Prevost. 

Klemcma  Cbemia%  by  Uoerhuuve. 

Menioircs  de  I'Acadeoiie  dci  Sciences. 

Kssais  de  Physique,  par  M.  Pictet. 

Walker  on  Cold. 

Mijrray’s  System  of  Chemistry. 

Thomson’s  System  of  Chemistry. 

Parkes’s  Chemical  Essays,  vol.  i 
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Chapter  I. — Optics. 

Dejir.itiont — Nature  of  Light — Ila  ge- 
neral Propertiet. 

Optics,  a term  derived  from  a Greek 
word,  which  signifies  teeing,  is  the  sci- 
ence which  treats  of  vision,  and  generally 
of  the  nature  and  properties  of  Light, 
and  the  changes  which  it  undergoes  in 
its  qualities  or  in  its  direction,  when 
passing  through  bodies  of  different 
shapes ; — when  reflected  from  their  sur- 
faces— or  when  moving  past  them  at 
small  distances. 

The  nature  of  Light  has  not  yet  been 
ascertained ; but  two  opinions  of  a very 
opposite  kind  have  been  maintained  by 
pnilosophers  respecting  its  origin  and 
propagation.  By  some  it  is  supposed 
to  consist  of  material  particles,  thrown 
off  from  the  luminous  body  with  great 
velocity,  and  in  all  directions,  while 
others  believe  it  to  be  a fluid  dif- 
fused through  all  nature,  and  in  which 
waves  or  undulations  arc  produced  by 
the  action  of  the  luminous  body,  and 
propagated  in  the  same  manner  as  sound 
IS  propagated  through  air. 

But  whatever  be  the  cause  of  light, 
and  whatever  be  the  manner  in  which 
it  passes  from  one  point  of  space  to 
another,  it  has  oeilain general  properties 
which  have  been  discovered  by  experi- 
ment and  observation. 

1 . Light  is  sent  forth  in  ail  directions 
from  every  risible  point  of  luminous 
builies.  If  we  hold  a sheet  of  paper  be- 
fore a candle,  or  the  sun,  or  a red  hot 
body,  or  any  other  source  of  light,  we 
shall  find  that  the  paper  is  illuminated, 
or  covered  with  light,  in  whatever  posi- 
tion we  hold  it,  provided  that  the  light 
is  not  obstructed  by  its  edge,  or  by 
another  body.  If  we  examine  the  illu- 
minated surface,  we  shall  also  find  that 
there  are  no  black  spaces  or  intervals 
destitute  of  light 

2.  All  bodies,  whether  natural  or  arti- 
ficial, which  are  not  luminous  of  them- 
selves, are  rendered  visible  by  light  which 
originally  comes  from  a body  luminous 


of  itself,  such  at  the  tun,  or  common  ar- 
tificial lights.  When  the  sun  shines  on 
a plant,  the  plant  is  seen  ki  great  bril- 
liancy and  beauty.  If  a black  clotid 
covers  the  sun,  the  plant  is  still  seen, 
though  with  less  brightness,  but  the  light 
which  now  makes  it  visible  comes  from 
the  clouds,  which  are  illuminated  by  the 
sun ; for  when  the  sun  is  so  far  mIow 
the  horizon  as  not  to  illuminate  the 
clouds,  the  plant  ceases  to  be  visible. 
In  like  manner,  when  we  read  by  the 
artificial  light  of  a candle,  the  book 
is  generally  illuminated  by  the  light 
whmh  immediately  proceeds  from  it; 
but  we  can  still  read  with  our  back  to 
the  eandle,  in  which  case  the  book  is 
illuminated  by  the  light  from  the  candle 
which  falls  upon  the  walls  and  furniture 
of  the  apartment,  and  which  those  walls 
and  that  furniture  again  throw  off  in  all 
directions ; for  the  instant  the  candle  is 
put  out  we  are  left  in  total  darkness. 

3.  All  bodies,  whether  natural  or  arti- 
ficial, throw  off  in  all  directions  light  of 
the  same  colour  as  themselves,  although 
the  light  from  the  tun,  which  falls  upon 
them  and  renders  them  visible,  is  white. 
It  has  been  generally  supposed  to  be  a 
sufficient  proof  of  tnis  important  pro- 
perty, to  state,  that  wherever  we  place 
our  eye  it  sees  those  bodies  of  that  co- 
lour ; but  as  we  consider  this  unsatis- 
factoiy,  we  shall  demonstrate  it  by  an 
experiment  which  is  both  beautiful  and 
instructive.  If  we  hold  a white  card 
before  a rose  bush,  the  surface  of  the 
card  will  appear  of  its  usual  whiteness ; 
but  if  we  place  tliis  card  at  one  end  of  a 
box  shut  up  on  all  sides,  and  if,  having 
made  a pin  hole  in  the  side  opposite  the 
card  to  admit  the  light  from  the  ruse 
bush,  we  look  through  another  hole  at 
the  card,  we  shall  see  upon  the  card,  and 
opposite  each  rose,  a patch  of  red  light, 
and  opposite  each  grwn  leaf  a patch  of 
green  light.  These  patches  of  colour 
constitute  a picture  of  the  rose  bush 
turned  upside  down,  wliich  though  not 
very  distinct  in  the  outline,  will  yet  be 
easily  recognised.  If  we  enlarge  (he  small 
hole  opposite  the  card,  the  picture  will 
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become  more  indistinct,  and  the  colours 
more  faint,  nnd  wlien  the  hole  reaches  a 
ceilain  size  tlie  red  li!j;ht  from  the  roses 
will  fall  upon  tlie  same  parts  of  the  card 
as  the  green  light  from  the  leaves,  and 
the  card  will  appear  of  its  original  w hite- 
ness.  The  same  appearances  will  be 
seen  in  whatever  position  we  hold  the 
box  in  relation  to  the  rose  bush.  The 
reason  will  be  explained  in  a future 
Chapter,  why  the  white  light  of  tlie  sun 
becomes  red  when  thrown  off  from  the 
rose,  and  green  when  thrown  off  from 
tlie  leaves, 

4.  Light  cofuitit  of  teparate  parti 
irtdependent  of  each  other.  If  we  admit 
light  tlirough  an  opening  into  a dark 
room,  we  may,  by  interposing  a piece  of 
card,  stop  a small  poition  of  it,  and  allow 
the  rest  (Hit  to  pass;  or,  if  we  stop  nearly 
the  whole  of  it,  and  allow  only  a very 
small  jMirtion  of  it  to  pass,  the  part 
which,  m both  these  cases,  is  allowed 
to  pass,  is  not  affected  in  any  way  by 
its  separation  from  the  part  wliira  is 
stemuM, 

The  smallest  part  of  liglit  which  we 
can  tlius  stop,  or  allow  to  pass,  is  called 
a rag  qf  light. 

5.  Haul  qf  light  proceed  in  etraight 
linet.  This  property  may  be  demon- 
strated to  the  eye,  l:y  causing  light  to 
pass  through  small  holes  into  a dark 
room  filled  with  smoke  or  dust.  It  is 
proved  also  by  the  fact,  that  bodies  can 
not  be  seen  through  bent  tubes ; and  it 
may  be  infinred  ^m  the  form  of  the 
shadows  of  bodies.  When  there  is  any 
power  on  one  side  of  the  ray  w hich  is 
not  on  the  other  side,  it  may  tlien  de- 
viate fi'om  its  motion  in  a straiglit  line, 
and  may  even  be  made  to  move  in  a 
curve  line. 

6.  Light  movee  uilh  prodigious  velo- 

city,  and  that  qf  the  pianels  travels  at 
the  rate  of  1 vales  in  a second  of 

time.  If  two  observers  arc  placed  at 
tlie  distance  of  70  or  80  miles,  and  if  one 
of  tliem  strikes  a light  at  a known  in- 
stant of  time,  the  %ht  will  ti-avel  to  the 
other  observer  in  such  a small  portion 
of  time  that  it  cannot  he  measured  by 
the  nicest  time-keepers.  Astronomers, 
however,  have  proved,  by  observing  Uie 
eclipses  of  J upiter's  Satellites  when  that 
planet  is  nearest  and  fiirthest  from  the 
earth,  that  light  travels  from  the  sun  to 
the  earth  in  seven  minutes.  Hence,  it 
will  move  from  the  one  pole  of  tlie  globe 
to  tlie  other  in  tlie  24tli  part  of  a second, 
— a velocity  which  surpasses  all  com- 
ptvliension. 


CnAPTKB  II.— Dioptrics. 

Refraction  of  Light— Law  if  Refraction 
— Refractive  Powers — Table  of  Re- 
fractive Powers. 

Although  a ray  of  light  will  always 
move  in  the  same  straight  line  when  it 
is  not  interrupted,  yet  every  person  must 
have  observed  that  when  light  falls 
upon  a drop  of  water,  or  a piece  of  glass, 
or  a bottle  containing  any  fluid  which 
allows  the  light  to  pass,  it  does  not 
reach  the  eye,  or  illuminate  a piece  of 
paper,  placed  behind  those  bodies  in  the 
same  manner  as  before  they  were  put  in 
its  way.  This  obviously  arises  from  the 
direction  of  the  light  being  changed 
by  some  power  which  resides  in  the 
bodies.  The  branch  of  optics  which  ex- 
plains the  law  or  rule  according  to 
which  the  direction  of  Ught  is  thus 
changed,  and  the  results  dependent  on 
this  law,  is  called  Dioptrics,  from  two 
Greek  words,  one  of  which  signifies 
through,  and  the  other  to  see,  because 
the  b^ies  which  produce  this  change 
are  those  through  which  we  can  see,  or 
through  which  light  passes. 

In  order  to  understand  how  this 
change  is  produced,  let  M N O P (yfg.  1.) 


Fig.  I. 


be  a vessel,  in  one  ofthe  sides  ot  which. 
N O,  there  is  a small  hole  at  N.  If  we 
place  a Ughted  candle  within  two  or 
three  feet  of  it,  so  that  its  flame  may  be 
at  A,  a ray  of  lirtif,  A N.proowding 
from  it,  will  pass  uirough  the  hole  N, 
and  go  on  in  a straight  line  A N G,  till 
it  reaches  the  bottom  ofthe  vessel  at  C, 
where  it  will  form  a small  circle  of  light. 
Having  put  a mark  at  the  point  C,  pour 
water  into  the  vessel  till  it  rise  to  the 
height  » r,  and  you  will  see  that  the 
round  spot  which  was  formerly  at  C is 
now  at  D ; that  is,  the  ray  A N,  which, 
when  the  vessel  was  empty,  went  straight 
on  to  C,  has  been  bent  at  the  point  B, 
where  it  falls  on  the  water,  into  tlie  line 
B D,  U we  mix  a little  soap  with  the 
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water,  to  u to  nve  it  a tlight  mutineu, 
the  ray  B D will  be  distinctly  perceive<l, 
and  it  will  be  seen  timt  it  is  a straight 
line,  and  that  the  bending  or  change  in 
its  direction  has  been  produced  wholly 
at  the  point  B in  the  surface  of  the  water. 
This  brading  of  the  ray  A N B is  called 
refnetion,  from  a Latin  word,  which 
signifies  brtaking  back,  because  the 
ray  A B seems  to  be  broken  back 
from  its  comae  at  B,  and  the  water 
is  said  to  refract,  or  break  back  the  ray 
AB. 

If,  in  place  of  fresh  water,  we  pour  in 
salt  water,  it  will  be  found  that  the  ray 
A B is  more  bent  at  B.  In  like  manner 
alcohol  will  refract  the  ray  A B more  than 
saltwater;  and  oil  more  than  alcohol. 
If  we  were  to  cut  a piece  of  glass  of  the 
exact  shape  of  the  water  srOP,  and 
place  it  in  the  same  way  in  the  vessel, 
we  should  find  that  it  would  refract  the 
light  still  more  than  oil,  and  in  the  line 
Bd. 

Hence  we  may  conclude  in  (^eral, 
that  when  a ray  of  light  passing  through 
air  falls  in  a slanting  dilution  upon  me 
surface  of  Uquid,  or  of  solid  booics, 
through  which  light  can  pass,  it  is  re- 
fracted by  them,  and  by  dilfei'ent  bodies 
in  diiftrent  degrees. 

If.  when  the  vessel  M N O P is  empty, 
we  fix  at  C a bright  olject,  such  as  a 
sixpence,  and  place  the  ej  e at  A in  the 
straight  line  A N C,  the  sixpence 
will  Ix!  distinctly  seen,  because  one 
of  the  rays  C N,  which  proceed  from 
it,  must  enter  the  eye  at  A.  I.et 
water  be  now  poured  into  the  vessel 
till  it  stand  at  s r,  then  the  eye  at  A 
will  no  longer  see  the  sixpence ; but  if 
we  move  tlie  sixpence  from  C to  H,  it 
will  become  visible  to  the  ej'e  at  A the 
instant  it  comes  to  D.  Now  as  the  ray 
from  the  sixpence  at  D must  pass  to  the 
eye  in  a straight  line  after  it  comes  out 
of  the  water,  it  must  pass  in  the  direc- 
tion B N ; and  consequently,  the  my 
from  the  sixpence  I),  by  which  it  was 
seen  at  must  have  been  D B,  and 
this  ray,  in  coming  out  of  the  water,  must 
have  been  bent  or  rcfraeteil  at  B into 
the  line  B.\.  The  same  effect  will  be 
produced  if  * r is  the  surface  of  salt 
w atcr,  alcohol,  oil,  or  glass ; but  with 
these  substances  we  must  push  the  six- 
pence bej'ond  D towards  O,  in  order 
that  it  may  be  seen  at  .-V. 

Hence  we  may  conclude,  that  when  a 
ray  of  light,  pass!  ng  through  a li<iuid  or 
a solid  body  in  a direction  slanting  or 
oblique  to  its  siuface,  quits  it,  it  is  re- 


fracted by  that  body,  and  by  different 
bodies  in  different  degrees. 

Having  thus  discovered,  by  very  sim- 
ple experiments,  the  nature  of  the  re- 
fraction of  light  when  passing  out  of  a 
rare  or  thin  medium  such  as  the  air  into 
a dense  medium  such  as  water,  and  also 
out  of  a dense  medium  into  a rare 
medium,  we  must  now  endeavour  Id 
determine  the  law  or  rule  which  the 
refrtmtion  follows  when  it  enters  or 
quits  the  water  at  different  degrees  of 
obliquity. 

For  tWs  purpose,  let  us  describe 
3.)  a circle  PRQS  upon  a piece  of 

I'ig-  2. 


slale  or  mdal,  and  having  drawn  hvo 
diameters  PCQ,  RCS  perpendicular 
to  each  other,  let  a small  tube  A C lie 
attached  to  the  plate,  so  that  it  can  move 
freely  round  C.  The  plate  P R Q S 
must  now  be  placed  in  a vessel  of  water, 
and  fixed  so  that  the  surface  of  the 
water  coincides  with  the  line  R S.  and 
does  not  touch  the  lower  end  C of  the 
tube  A C.  I.et  iis  now  bring  the  tube 
A C into  the  position  P C,  and  make  a 
ray  of  light  pass  down  through  the  tube, 
we  shall  find  that  the  ray,  entering  the 
water  at  C,  will  pass  on  in  tlie  same 
straight  line  to  the  point  Q.  Hence  it 
follows,  iiat  a rwj  nf  light  falling  per- 
pendicularly  upon  a refracling  surface 
undergoes  no  refraction  or  change  in 
its  direcHon.  If  the  lulie  A C is  now 

filaced  in  tlie  position  A C,  and  a my  of 
Ight  be  made  to  pass  through  it,  the 
ray  will  not  pass  on  in  a straight  line, 
but  wrill  be  bent  or  refracted  at  C into 
the  line  C E,  and  strike  the  circle  at 
E.  Tlie  angle  AGP,  which  the  ray 
or  tube  forms  with  the  perpendicular 
P C Q,  is  called  the  angle  of  incidence , 
and  the  angle  E C Q,  which  the  re- 
fracted ray  C E forms  with  the  same 
perpendicular,  is  called  the  angle  of 
refraction.  Let  us  now  lake  in  a jiair 
of  compasses  the  line  £ F,  tlie  shortest 
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(listimce  of  the  point  E of  the  retracted 
ray  from  the  perpendicular  C Q,  and 
make  a scale  of  equal  parts,  of  which 
E F is  one  part.  In  like  manner  le(  us 
take  A D,  tne  shortest  distance  of  the 
l>oint  A of  the  incident  ray  firom  the 
same  perpendicular  P C,  and  setting  it 
upon  the  above  scale  of  equal  jiarts,  we 
shall  find  it  to  be  one  and  one-third  of 
these  parts,  or,  more  acciutitely,  1 .336. 
If  we  now  repeat  tliis  experiment  when 
the  tube  A C is  in  any  other  slanting 
position,  such  as  a C,  in  which  cose  the 
refracted  ray  will  be  C e,  and  making  a 
scale  of  equal  parts,  of  which  e/  is  one, 
measure  upon  it  the  line  ad,  we  shall 
find  that  this  line  is  also  1.336.  Now  the 
line  AD  is  called  the  sine  of  the  angle  of 
inciilence  A C P,  and  E F the  sine  of  the 
angle  of  refraction  E C Q.  Hence  it 
follows,  that  in  water  the  sine  of  the 
angle  of  incidence  is  to  the  sine  of  the 
angle  of  refraction  as  1 .336  to  1 , what- 
ever be  the  position  of  the  ray  with  re- 
sixict  to  the  surface ; that  is,  the  Sines  of 
the  angles  of  incidence  and  refraction 
have  a constant  proportion  or  ratio  to 
one  another. 

If  we  next  fix  a sliining  body,  as  a 
sixiience,  at  Q,  E and  e in  succession, 
and  place  the  tube  successively  in  the 
positions  PC,  AC,  and  aC,  we  shall 
see  the  sixpence  distinctly ; that  is,  when 
the  sixpence  is  at  Q,  the  ray  Q C pro- 
ceeding from  it,  passes  on  to  P without 
rcfracbon ; when  the  sixpence  is  at  E, 
the  my  E G is  refracted  at  C in  the  di- 
rection C A ; and  when  it  is  at  e,  tlie 
ray  e C is  refracted  at  C into  the  direc- 
tion C a.  In  this  case  the  angles  E C Q, 
e C Q are  the  angles  of  incidence,  and 
A C P,  o C P,  the  angles  of  refraction, 
and  their  sines  E F,  e/,  A D,  ad,  lieing 
the  same  sines  which  we  formerly  mea- 
sured, will  be  to  one  another  as  1 to 
1.336.  Hence  it  follows,  that  in  refrac- 
tions from  a dense  m^ium,  such  as 
water  or  glass,  to  a rare  medium,  such 
as  air,  the  tines  of  the  angles  <f  inci- 
dence and  refraction  have  a constant 
ratio  or  proportion  one  to  another. 

Hy  comparing  these  two  cases  of  re- 
fraction, it  will  be  seen,  that  when  the 
ray  A C passes  from  air  into  water,  the 
ray  C E is  refracted  towards  tlie  per- 
pendiciiliu- C Q,  and  the  sine  of  the  angle 
of  refiaction  is  I,  whilo  the  sine  of  the 
angle  of  incidence  is  t.336;  but  that 
when  the  ray  EC  passes  from  water 
into  air,  the  ray  C A is  refracted  from 
the  peipcndicular  C P ; and  the  sine 
of  tlie  angle  of  ir -xVtce  is  1,  while 


the  sine  of  the  angle  of  refi^tion  is 
1.336. 

We  are  now  in  a situation  to  deter- 
mine the  direction  of  any  ray  after  it  is 
refracted  by  the  surface  of  water.  Let 
it  be  required,  for  example,  to  find  Uie 
direction  of  the  rso/  aC.fg.  2,  when  it 
is  refracted  after  falling  on  the  surface 
RS  of  water,  at  the  point  C.  Draw 
C P perpendicular  to  R S,  and  from  a 
draw  ad  iierpendicular  to  CP.  Take 
a d in  the  compasses,  and  make  a scale 
in  which  this  distance  occupies  1.336, 
or  1 1 parts  nearly ; tlicn  taking  one  of 
these  parts  in  the  compasses,  place  one 
foot  in  the  circle  P R Q S,  descrilied 
round  C,  and  passing  tlirough  a,  some- 
where about  m in  the  line  a C continued, 
and  move  that  foot  towaRls  Q,  to  e for 
example,  till  the  other  foot  strikes  a 
point  f in  the  peipendicular  C Q,  and 
no  other  point  m it,  then  e is  the  point 
through  which  the  refracted  ray  will 
pass,  and  consequently  the  line  C emust 
be  the  refracted  ray  required. 

The  number  1.33G,  which  regulates 
the  refraction  of  water,  is  called  its 
index,  or  exponent,  or  co-efficient  of 
refraction,  and  sometimes  its  refractive 
poirer. 

If  we  now  repeat  all  the  above  expe- 
riments witli  other  fluids  and  solids,  we 
shall  find,  that  tlie  same  law  of  refrac- 
tion takes  place  with  all  of  them,  and 
that  the  index  of  refraction,  or  the  re- 
fractive power,  varies  in  each.  But  the 
refractive  power  of  bodies  may  be  mea- 
sured more  accurately,  as  we  shall 
afterwards  see,  by  diffeient  methods. 

The  following  Taulk  contains  the 
index  of  refraction  for  a great  number 
of  bodies,  as  determined  by  ditferent 
observers,  and  by  dill'creiit  methods ; 
and  it  is  obvious,  that  by  means  of 
the  numbers  here  given,  we  can,  in 
the  way  already  descrilied,  trace  the 
passage  of  a ray  through  any  plain 
surfaces  by  which  the  body  may  be 
bounded. 

Taule  of  Refractive  Powers. 

Intln  of 
KelrkcUoa. 


Chromate  of  kaJ.  (preate«l  refr,)  . 2.yT  4 

It iil>y  Oliver 2.561 

Reul^r  aitificul 2.519 

Chromate  of  lenU,  (least  refr.) ....  2.500 

OcioheOrile  2. .500 

Diamund,  Uoclion 2. <55 

Ditto  ....NcHlon  2.439 

Blende 2.260 

I'hosphorr.s  2.221 

Gla.Ntf  of  .Art'imoiiy 2.200 
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Sulphur  m<^Ued S.H8 

Ditto  native  

GUsfl,  Lead  S.  Flint  I 2.028 

Tun^tale  of  Lime,  ^ 2.129 

■ ■ ■—  least 1.970 

Carbonate  of  Lead,rr 2.084 

least 1.813 

Calomel.... J.970 

Zircon,  ext 2.01.3 

■ ■ ■ ord 1 .961 

Glass,  l^ead  2,  Saikl  1 1 .987 

Sulphate  of  Lead  1.925 

Glass,  f.<ead  2,  Flint  1 1.8S0 

Garnet 1.815 

Spinelle  Rubjr  1.812 

Arsenic  1.811 

Sapphire,  Bine 1 .794 

White 1.768 

Pyrope  1,792 

Nitrate  of  Silver,  gr.. . 1 .788 

■ least 1.729 

Glass,  Lead  1,  Flint  1 1.787 

Ruby  1 779 

Feldspar 1.764 

Cvmophano  1.760 

Glass,  Lead  S,  Flint  4 1.732 

■ ■ — 1 2 1.724 

Axinile  1.735 

Kpidote,  gr 1 . 703 

least  1.661 

Carbonate  of  Slrontites,  gr 1 .700 

least 1.543 

Boracite 1.701 

Sulphuret  of  Carbon. 1 .678 

Peridot,  gr. 1.685 

least 1.660 

Arragonite,  ord 1 . 693 

ext 1.535 

Calcareous  Spar,  ord 1.654 

ext 1.483 

Sulphate  of  Barvtet,  ext 1 .647 

^ ord 1.631 

Topaz,  limpid, exL  I.G20 

ord 1.610 

Topaz,  Brazil,  ext.  1.610 

ord 1 , 682 

Anhydrite,  ext 1 .622 

ord 1.577 

Euclase,  ext 1.663 

ord 1.648 

Mother  of  Pearl  1 . 653 

Oil  of  Cassia  1 .64 1 

Balsam  of  Tolu 1 .628 

Castor 1 .626 

Muriate  of  Ammonia 1 .625 

Guiacum  1.619 

Flint  Glass from  1.625  to  1 .590 

Meionite  1.606 

Oil  of  Bitter  Almond  1 .60S 

AniseSeeds  1.601 

Balsam  of  Peru  1.597 

Gum  Ammoniac  1.592 

Tortoise  Shell  1.591 

Pitch  1.586 

Balsam  of  Styiax  1 58 1 

Bottle  Class  1.582 


l«iSn  at 
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Horn  1.565 

Quartz,  ext 1.558 

ord 1.518 

Mellite,  ord 1 .556 

ext 1.538 

Gum  Maslich 1.560 

Burgundy  Pitch 1.560 

Resin  I. .559 

Turpentine  1.557 

Rock  Suit  ' .557 

Sugar  inelted 1.554 

Gum  Thus 1 .554 

Comptonite  1..553 

Chalcedony  1.553 

Sulphate  of  Copper,  gr 1 . 552 

■ ■ least  • 1.531 

Copal 1.519 

Canada  Balsam 1 . 5 19 

Amber 1.517 

Elemi  1 .547 

Oil  of  Tobacco 1.517 

Dichroite  1. 511 

Apophylliie  1.543 

PlateGlass from  1.542  to  1.514 

Colopliony 1 . 5 13 

Bees  Wax  1 . 542 

Olibanum  1.514 

Carbonate  of  Barytes,  least 1.540 

Crown  Glass from  1 .534  to  1 . 525 

Caoutchouc  1.530 

Oil  of  Sassafras 1.534 

■■  — ~ Cloves 1.585 

Balsam  of  Capivi 1.528 

Lencite 1.527 

Citric  Acid 1»527 

Shell  Lac  1.525 

Sulplmtc  of  Lime 1 . 525 

Gum  Myrrh  1 .524 

Wavcllite  1.52 

GumTmg&canth  1.520 

Mesotype,  gr 1 .522 

' least 1.516 

Nitre, gr.. 1.514 

— least 1.335 

Tartrate  of  Potash  and  Soda  ....  1.515 

Sulphate  of  Zinc,  ord 1 .507 

Bees  Wax,  1*1'^  Reaum 1.512 

• ■ — Melting 1 . 4.50 

Gum  Arabic  1 502 

Sulphate  of  Potash  1 .502 

Stilbite. 1.508 

Oil  of  Cumin  1 . 5U8 

■ ' ■'  Nuts  1.50? 

Pimento 1,507 

—  Sweet  Fennel  Seeds  1 . 506 

--  Amber  1.505 

Rhodium  1.500 

■ i.i  - — Beech  Nut 1.500 

- Nutmeg 1.497 

Balsam  oC  Sulphur  1.497 

Sulphate  of  Iron,  gr 1 .494 

Oil  of  Angelica 1.493 

Caraway  Seeds 1.491 

Castor  Oil  1.490 

Obsidian  1.488 

Tallow 1.49 
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Sulplinto  of  Magnesia  ••  1.488  or  1.469 


Oil  of  Hyssop  1.487 

Camphor 1.487 

i.!!ajeput  oil 1.483 

Oil  of  Almonds 1.483 

■ ■ Savinc  1.482 

Pennyroyal  1.482 

Sulpliaie  of  Ammonia  & Magnesia  1 .483 

Carbonate  of  Potasli 1 .482 

Oil  of  Lemon 1.879 

■ ■ Spearmint 1.491 

Opah  1. 489 

OilofThvme 1.477 

Dill  Seed  1.477 

Ksiience  of  I/omon 1 .176 

Oil  of  Turpentine  1.475 

'■■■  ■ Hnpe  Seed 1. 475 

■ Juniper  1 . 473 

. -•  — Ucr^mot 1.471 

■■■  Olives 1 .479 

"■  - Spermaceti  1.470 

I'luellitc  1.470 

Oil  of  l..avcndcr 1.4C2 


I'oppy.. 

— ■ - »■  Camomile 

Alum  

Oil  of  Wormwood 

Spermaceti,  melted  *». . 

riuor  Spar  

Sulplioric  Acid 

Oil  of  Rhue  • . . 

PImsphoric  .Acid,  Huld  ......... 

Nitric  Acid,  Sp.  gr.  J.48 

Muriatic  Acid,  conccDtrated. . .. . 

Nitrous  Acid  

Acetic  Acid 

Malic  Acld«..» 

Alcohol  

Oil  of  Ambergris  

White  of  an  Hgg  

Ether  

Cryolite  

Sait  Water  . . 

Human  Eye,  cryst.  leas.. .. 

Water,  green  rays . 

1(0 

Tabasheer 

Air,  liradUy.  Barom.  29.6  «.  ) 
Therm.  50°  . . ^ 

A'lft  lUot.  Barom.  30,17.  .I 
Tlierm.  S2*>  ..  > 


. 1.465 

. 1.157 

. 1.457 

. 1.453 

1.416 
1.434 
« 1.4.31 

. 1.433 

. 1.426 

. 1.410 

. 1.41U 

. 1..396 

. 1.396 

• 1.895 

» 1.872 

. 1.861 
. 1.861 
. 1.358 

. 1.849 

. 1.S43 

. 1.384 

1.3358 
1.308 
1.1115 

1.000. 276 

1.000. 293 
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Cvanop^cn ,.8M 

OleflanlGas  ».S0* 

Gas  of  Marshes 1 .504 

Muriatic  Etlier  8.7® 

Hydrocyanic  Acid  ..  1.581 

Ainnsonia  1.809 

Osi-Cliloro-Carboaic  Gas. 8.936 

Sulphuretted  Hydrogen  ........  3. 1ST 

Sulphureous  Acid  ... ..  .......a  9.960 

Sulphuric  Ether , 5.280 

Carbnretted  Sulphur 5.179 


It  will  appear  from  a comptuison 
of  the  preceding  table,  with  that  of  spe- 
cific gravities  in  Hydrostatics,  Chap, 
VI.,  that  in  very  many  cases  the  refrac- 
live  power  increases  with  the  density  of 
the  txKly.  In  the  case  of  oily  stib- 
•stances,  or  inflammable  bodies,  how- 
ever. such  as  hydrogen,  phosphorus, 
sulphur,  diamond,  bees'  ten-r,  ambir, 
spirit  of  turpentine,  linseed  oil,  olive 
oil,  camphor,  tlicir  refractive  powers 
are  from  two  to  seven  times  greater  in 
respect  to  their  density  than  those  of 
most  other  substances.  Sir  Isaac 
N ewton  observed  this  fact  with  respect 
to  the  last  five  of  tliese  substances, 
which,  he  savs,  ‘ are  fat,  sulphureous 
unctuous  bodies,'  and  as  he  observed 
the  same  high  refractive  power  in  the 
diamond,  he  infers,  tliat  it  is  ‘ pro- 
Itably  an  unctuous  substance  coagu- 
lated.’ This  law,  however,  at  one  time 
seemed  to  be  overturned  by  an  ob- 
servation of  Dr.  Wollaston,  tnat  phos- 
phorus, one  of  the  most  inflammable 
substances  in  nature,  had  s very  low 
refractive  power;  but  Dr.  Brewster, 
confiding  in  the  truth  of  the  law,  exa- 
minetl  the  refractive  power  of  phospho- 
rus by  forming  it  into  prisms  and  lenses, 
and  he  found  it  to  be  nearly  as  high  as 
diamond,  and  fully  twice  that  of  dia- 
mond compared  with  its  density ; an 
observation  which  re-established  and 
extended  the  truth  of  the  general  prin- 
ciple. 


Table  of  the  Refractive  Power  of  Gases, 
according  to  M.  Dulono,  that  of  Air 
being  1.000. 


Atmospheric  Ait  1.000 

Oxygen  0 094 

Hydrogen  0.470 

Axotc 1.020 

Chlorine 2.628 

Oxide  of  Atote  ......  1. 710 

NitrousGas 1.030 

Hydrochloric  Acid  1.527 

Oxide  of  Carbon  1.1.17 

Carbonic  Acid  1.526 


Chapter  III.— Dioptrics  continued. 

Refraction  of  Rays  by  Prisms  ami  Len- 
ses—Ruming  Glasses— Illuminating 
Lenses. 

The  substance  which  is  most  commonly 
used  for  rcfracling  the  rays  of  light, 
both  in  optical  experiments,  and  in  op- 
tical instruments,  is  glass.  For  these 
purposes  it  is  shaped  into  solids  of  the 
following  form,  a section  of  which  is 
shewn  iafig.  3. 
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1.  A prism,  shown  dt  A,  is  a solid, 
having  two  plane  surfaces,  A R,  A S, 
jnclinecl  to  one  another. 

2.  A plane  glass,  shown  at  B,  has  two 
plane  surfaces  parallel  to  one  another. 

• 3.  A sphere  or  spherical  lens*,  shown 
at  C,  has  every  point  in  its  surface 
equally  distant  front  a common  cen- 
tre. 

4.  A.  double  convex  lens,  shown  at  I), 
is  bounded  by  two  convex  spherical 
surfaces,  whose  centres  are  on  oppo- 
site sides  of  the  lens.  It  is  equally  con- 
vex when  Uie  radii  of  both  surfaces 
(that  is,  the  distances  from  the  emtres 
to  the  circumferences  of  the  circle  they 
belong  to)  are  equal,  and  unequally 
convex,  when  their  radii  or  distances 
are  unequal. 

5.  A plano-convex  lens,  shown  at  E,  is 
bounded  by  a plane  surface  on  one  side, 
and  by  a convex  one  on  the  other. 

G.  A double  concave  lens,  shown  at 
F,  is  bounded  by  two  concave  s{^erical 
surfaces,  whose  centres  arc  on  opposite 
sides  of  the  lens. 

7.  A plano-concave  lens,  shosvn  at  G, 
is  bounued  by  a plane  surface  on  one 
side,  and  a concave  one  on  the  other. 

8.  A meniscus,  shown  at  H,  is 
bounded  by  a concave  and  a convex 
spherical  surface ; and  these  two  sur- 
faces meet,  if  continued. 

9.  A concavo-convex  lens,'shown  at  I, 
is  bounded  by  a concave  and  a convex 
surface ; but  these  two  surfaces  do  not 
meet  though  continued. 

a.  The  axis  of  these  lenses  is  a straight 
line  M N,  in  which  are  situated  the  cen- 
tres of  tlieir  siiherical  surfaces,  and  to 
which  their  plane  surfaces  are  perpen- 
dicular. If  we  suppose  the  sections  from 
B to  I to  revolve  round  the  line  M N, 
they  will  generate  the  different  solids 
which  they  are  intended  to  represent ; 
but  in  treating  of  tlie  refraction  of  the 
lenses  we  shall  still  use  these  sections, 
liecause,  since  evciy  section  of  the  same 
lens  passing  through  the  axis  M N,  has 


„ l-'V'  wee*  a Inuilt,  a nuU 

fiat  ktad  of  \»eaa. 


the  very  same  form,  what  is  true  of 
one  section  must  be  true  of  the  whole 
lens. 


Refraction  throughprisms.—lxi  R ,S. 
S (fg.  4,)  be  the  faces  of  a prism  of 


gla.ss  having  its  refractive  power  1.52.5, 
and  A C a ray  of  light  falling  upon  the 
face  R S at  C.  Through  C draw  P Q 
perpendicular  to  R S,  and  from  any 
scale  of  equal  parts  take  in  the  com- 
passes 1.525,  or  15.25,  or  152.5,  or  1525 
parts,  and  setting  one  foot  of  the  com. 
passes  on  C A,  move  it  along  to  some 
point  A till  the  other  foot  falls  only  on 
one  point  of  C P as  at  D ; then  upon  C,  as 
a centre,  describe  a circle  A P Q passing 
through  A.  From  the  same  scale  take 
in  the  compa.sses  1.000  or  10.00  or 
1 00.00  or  1 000,  and  setting  one  foot  on 
the  line  C Q,  move  it  along  till  the  other 
falls  upon  E in  the  circle  A P Q,  taking 
care  that  the  point  F is  such  that,  when 
one  foot  is  placed  at  E,  the  other  foot 
can  touch  C Q in  no  other  point  but  F. 
But  A D is  the  sine  of  the  angle  of  inci- 
dence, and  E F the  sine  of  the  angle  of 
refraction,  hence  the  line  C E C'  drawn 
through  E will  be  the  refracted  ray. 

Again,  as  the  ray  CO'  meets  the 
second  refracting  surface  at  C',  through 
C'  draw  P'Q'  perpendicular  to  R'S', 
and  from  any  scale  of  equal  parts  take 
in  the  comp.asses  l.oou  or  10.000,  &c. 
and  setting  one  foot  in  the  line  C A', 
move  it  along  to  some  point  A’  till  the 
other  foot  falls  only  on  one  point  of 
C'  P',  as  at  D'.  In  like  manner,  take  from 
the  same  sc.ale  1.525,  or  15.23,  &t.  and 
setting  one  foot  of  the  compasses  in 
C'Q',  move  it  towards  some  point  P 
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till  the  other  foot  falls  at  E'  into  a circle 
E'  Q'  A'  passing  through  A',  and  having 
C'  for  its  centre,  taking  care  that  the 
point  E'  is  such  that  when  one  foot  is 
placed  there  the  other  foot  can  touch 
C Q'  in  no  other  point  but  F'.  But  as 
the  ray  is  now  passing  out  of  glass  into 
air.  A’D'  is  the  sine  of  the  angle  of  inci- 
dence, and  E'  F the  sine  of  the  angle  of 
refraction;  hence  the  line  C'E' drawn 
throng  E'  will  be  the  refracted  ray.  The 
refraction  of  the  prism  has,  therefore, 
bent  tlie  ray  A C,  which  would  have 
gone  on  to  m,  into  the  line  C E',  which 
forms  with  A m an  angle  E’  n m.  which 
is  the  deviation  or  change  of  direction 
of  Ihe  ray ; so  that  if  the  ray  A C pro- 
ceeded from  the  sun,  or  from  a candle, 
it  would,  by  an  eye  placed  at  E',  be  seen 
at  a in  the  direction  E'  n a,  and  the 
angle  of  deviation  will  be  Ana  equiU  to 
E'nm. 

In  the  case  shown  in  fif'.  4 , the  re- 
fracted ray  C C',  in  passing  through  the 
prism,  is  jjarallel  to  its  base  H H’,  and 
when  this  is  the  case,  the  angle  of  devi- 
ation Ana  is  less  than  in  any  other 
position  of  C C',  and,  consequently,  of 
A C,  ^ may  be  easily  proved  by  con- 
structing the  figure  for  any  otlicr  position 
of  these  rays.  If,  therefore,  we  place 
the  eye  behind  tlie  prism  at  E',  and  turn 
the  prism  round,  we  shall  at  once  ascer- 
tain that  C C'  is  parallel  to  the  base 
R U',  by  the  image  of  the  candle  at  a 
being  stationary ; for,  in  every  other 
posiuon  of  A C and  C C',  that  image 
will  move  towards  o'.  tVhen  we  have 
thus  placed  the  prism  in  this  position, 
or  so  that  the  ray  C C'  is  parallel  to 
Rll',  or  perpendicular  to  ST,  a line 
bisecting  the  refracting  angle  of  the 
prism  RS'  R',  then  it  is  obvious  that  the 
angle  of  refraction  at  the  first  surface, 
viz.  E C F,  is  equal  to  R S T,  half  of  the 
angle  of  the  prism.  Now,  as  half  this 
angle  is  known,  and  as  it  is  easy  to 
me.asurc  at  once  by  a Goniomeler*,  or 
divided  instrument  of  any  kind,  the 
angle  of  incidence  AGP,  we  have, 
without  any  further  trouble,  the  angle 
of  incidence,  and  the  corresponding 
angle  of  retraction  at  the  surface  R'  S'. 
By  making  the  following  proportion, 
therefore — ^ the  sine  of  Oie  angle  of 
refraction  is  to  the  sine  of  the  angle  of 
incidence,  so  is  unity  to  tlie  index  of 
refractive  power— (liat  is,  dividing  the 
sine  of  the  angle  of  incidence  by  the 
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sine  of  the  angle  of  refraction,  we  obtain 
the  refractive  power.  This  is  the  sim- 
plest of  all  methods,  and  the  most  gene- 
rally applicable  for  measuring  refractive 
powers,  because  soft  solids  and  fluids 
can  be  placed  in  the  refracting  angles 
of  hollow  pri.sms  made  by  joining  two 
plates  of  parallel  glass. 

Pr/rwtion  through  plane  glasses. — 
Let  M N,  (Jig.  S.)  Im  a plane  glass,  and 


and  at  c on  going  out  of  the  glass,  into 
Ihe  direction  ca : if  we  determine  the  di- 
rection of  the  refracted  nw's  C c and  c a 
by  the  method  shown  in/ljr-  2,  we  shall 
find  at  once  that  c a is  parallel  to  A C ; 
for  however  much  A B is  bent  out  of 
its  direction  at  the  first  surface  of  the 
glass,  it  is  bent  just  as  much  in  the  op- 
posite direction,  at  the  second  surface, 
so  that  it  is  restored  to  its  original  di- 
rection. It  will  appear,  however,  to  an 
eye  at  n,  as  if  it  came  in  the  direction 
A'  e.  Every  person  is  accustomed  to 
observe  that  the  plane  glass  of  windows 
does  not  alter  the  position  of  objects  seen 
through  it,  except  in  particular  parts 
of  the  glass,  which  will  be  found,  upon 
examination,  to  be  places  where  the  two 
faces  are  not  parallel. 

Refraction  through  Although 

we  have  hitherto  spoken  only  of  the  re- 
fraction of  plane  surfaces,  yet  most  of 
the  rcfhuitions  we  have  to  consider  in 
optics  take  place  at  spherical  or  other 
curved  surfaces.  This  circumstance, 
however,  does  not  add  any  difficulty  to 
the  subject,  for  the  refraction  which 
takes  place  at  a curved  surface  of  any 
kind  is  exactly  the  same  as  at  a plane 
.surface  which  touches  the  curve  surface 
at  the  point  on  which  the  ray  falls.  If, 
for  example,  Ihe  ray  A C ( fg.  2.)  falls 
upon  Ihe  curved  surface  r C * at  C,  and 
if  R C touches  r C * at  the  point  C,  then 
the  small  portion  of  the  curved  surface 
at  C,  which  is  concerned  in  rcfiaetiiig 
the  ray,  may  be  considered  as  a part  of 
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the  plane  surfiiee  R S.  Although  we 
know  that  the  surface  of  standing  water 
is  a curve  of  the  same  radius  as  the 
globe,  yet  no  skill  cotdd  discover  this 
curvature,  or  prove  its  existence  in  a 
square  foot  of  a lake  at  perfect  rest ; and 
yet  this  square  foot  is  greater  in  relation 
to  the  radius  of  the  earth  than  the  super- 
ficial space  occupied  by  a ray  of  light  is 
in  relation  to  the  radius  of  a common 
lens.  When  we  wish,  therefore,  to  de- 
termine the  direction  of  the  refracted 
ray  at  the  point  C of  any  curved  surface 
rCs,  we  have  only  to  draw  a line  R C S 
peqiendicular  to  the  radius  C Q,  touch- 
ing the  curve  at  C,  and  proceed  in  the 
very  same  manner  as  if  we  were  dealing 
with  a plane  surface  R S.  In  order  to 
illustrate  this,  let  us  begin  with  a sphere. 

Sf/raclion  through  a sphere.  Let  a 
ray  of  light  A C (.Jig.  6.),  fall  upon  a 
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.sphere  of  glass  L H Z I,  at  the  point  C, 
and  parallel  to  G H 0 I,  the  axis  of  the 
sphere.  Through  C draw  R ,S  perpen- 
dicular to  O C,  the  radius  of  the  sphere. 
This  line  will  touch  the  sphere  at  C,  and 
the  ray  A C will  be  refracted  as  if  it 
fell  upon  the  plane  surface  R S.  By  the 
same  process  which  we  have  already  ex- 
plained for  the  prism,  find  the  refracted 
ray  C C',  and  through  O'  where  this  ray 
falls  upon  the  back  surface  L I Z of  the 
sphere,  draw  R'  S'  perpendicular  to  0 C' 
and  touching  the  sphere  at  C'.  Then, 
by  the  same  process  as  before,  find  the 
refracted  ray  C'/.  Another  ray  M N 
parallel  to  A C,  and  falling  on  the  sphere 
at  N,  as  far  from  H I,  tlic  axis  of  the 
sphere,  as  C is,  will  obviously  be  re- 
fracted to/,  because  the  circumstances 
of  the  two  rays  are  exactly  the  same. 
Hence,  these  rays  will  meet  at  /,  which 
is  called  the/oci«  of  paralld  rays.  If 
we  continue  the  lines  R S,  R'  S'  till  they 
paeet  at  V,  it  will  be  seen  that  the  refac- 


tion of  the  ray  A C through  the  sphere 
is  exactly  the  same  as  it  would  have 
been  through  a prism  RT  R. 

If  we  determine  by  the  preceding 
method  the  focus  / upon  the  supposi- 
tion that  the  sphere  is  tabasheer,  water, 

floss  luid  zircon,  we  shall,  by  measairing 
/,  the  distance  of  the  focus  behind  the 
sphere,  obtain  the  following  results, 
the  radius  O C of  the  sphere  being  sup- 
posed one  inch. 

1b4«x  of  Rrfr.  A D 

Tabasheer  1.1145  4 feet  0 inches 

Water  1.3358  1 0 

Glass  I.50U  i 

Zircon  2.000  0 

When  the  index  of  refraction  is  great  ei 
than  two,  as  in  diamond,  &c.  the  point / 
falls  within  the  sphere. 

The  distance  of  the  focus / from  llie 
centre  0 of  any  sphere  may  be  found  by 
the  following  rule: — Divide  the  index  of 
refraction  by  twice  its  excess  above  one, 
and  the  quotient  is  the  distance  Of 
which,  in  glass,  is  1 ) the  radius  of  the 
sphere. 

Refraction  through  convex  lenses. — ^ 
Ligh'i  is  refracted  through  a convex  lens 
exactly  in  the  same  manner  as  through  a 
sphere,  and  the  progress  of  the  refracted 
rays  may  be  found  by  the  method  already 
describw  for  a prism  and  a sphere.  Let 
L L,/g.  7,  be  a double  convex  lens 


whose  axis  is  R C/,  and  C its  middle 
point,  then  it  will  be  found  ih&i  parallel 
rays,  R L,  R L.  will  be  so  refracted  by 
the  two  surfaces  as  to  meet  at  /,  which 
is  called  the  principal  focJis  of  the  lens. 
In  like  manner  it  will  be  found  that  pa- 
rallel rays  R' L,  R'C,  RT  L,  and  R’L, 
R"  C,  R"  L,  falling  obliquely  on  tlie  lens, 
will  have  their  foci  at /'  and at  the 
same  distance  behind  the  lens.  In  these, 
and  all  other  cases,  the  rays  R C,  R'  C, 
R"  C which  pass  through  the  centre  C, 
will  be  found  to  proceed  to/,/'  and/", 
without  changing  their  direction.  The 
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distance  C/is  called  the/oMi  dhlance 
of  the  lens,'  and  in  a dmibl-  andnjually 
Conner  lent  of  glass,  whose  index  of  re- 
fraction is  1.500,  it  is  equal  tothe radius 
of  the  spherical  surfaces  of  the  lens.  If 
the  lens  is  aplann  mmexlent,  as 
3,  it  is  equal  to  twice  the  radius  of  its 
spherical  surface.  If  the  lens  is  un- 
eqvially  convex,  its  focal  distance  may 
be  found  by  the  following  rule:— Mul- 
tiply the  two  radii  of  its  surfaces,  and 
divide  twice  that  product  by  the  sum  of 
the  radii — the  quotient  will  be  the  focal 
distance  requirCil. 

When  converging  rays  or  rays  which 
proceed  to  one  point,  such  as  R F,  R F, 
K F (Jig.  8),  are  intercepted  by  or  faR 
upon  a convex  lens  L L,  whose  princi- 
pal focus  is  O,  their  convergency  is 
hastened,  and  they  w ill  be  refrected  to 
a focus  / nearer  tne  lens.  As  the  point 
of  convereence  F recedes  from  the  lens, 
the  point  f also  recedes  from  it  towards 
O,  Ixw’oml  which  it  never  goes ; and  as  K 
approaches  the  lens,  /'  also  approaches 
to  it.  The  points  F and/ are  called  con- 


jugate foci,  because  the  place  of  the  one 
varies  with  the  place  of  the  other,  and 
though  every  lens  has  only  one  princi- 
pal focus,  yet  its  conjugate  foci  arc  in- 
numerable. The  conjugate  focal  distance 
Cf  may  be  found  by  the  following  rule  : 
hfulliply  the  principal  focal  distance,  or 
O C by  F C,  the  distance  of  the  point  of 
convergence,  and  divide  that  iiroduct  by 
the  sum  of  the  same  numliers.  The 
quotient  will  lie  the  distance  C f 

When  diverging  rays,  or  rays  which 
proceed  from  one  point  F,  such  as  U 1,, 
R C,  R L (fig.  9),  fall  upon  a convex 


lens  T,  L,  wliose  principal  focus  is  O, 
the  refraction  of  tW  lens  will  make  them 
converge  to  a focus/  licyond  O.  As  the 
point  of  divergence  F recedes  from  the 
lens,  the  focus / will  approach  to  it,  and 
when  F is  infinitely  distant, /will  coin- 
cide with  O,  for  the  rays  diverging  from 
F have  now  tiecome  parallel  rays.  IfF 
approaches  to  O,  the  focus /will  recede 
from  0,  and  when  F coincides  with  O, 
/ will  lie  infinitely  distant,  or  the  re- 
fracted rays  wUl  be  parallel.  When  F 
is  between  O and  C,  as  at  F',  tlie  re- 
fractc-d  rays  will  diverge  like  L r,  L r,  as 
if  they  came  from  a focus  /'  bgj  ond  O, 
and  in  front  of  the  lens.  The  points  F 
and  / are  called  cotyitgale foci  as  before, 
and  the  conjugate  focal  distance  may  be 
thus  found: — Midtiply  the  principal 
focal  distance  by  F C,  the  distance  of  the 
point  of  divergence,  and  divide  that  pro- 
duct by  the  deference  of  the  same  niim- 
liei-s.  The  quotient  will  be  the  distance 
C/. 

Refraction  through  concave  lentet. 


— Light  is  refracted  through  concave 
lenses  in  the  same  manner  as  through 
prisms,  and  the  direction  of  the  refracted 
rays  may  in  every  case  be  found  by  the 
method  already  described  for  a prism. 
Let  LL  (/Ig.  10.)  be  a doable  eoncace 


lent,  whose  axis  is  R/C,  and  C its 
middle  point : then  it  will  be  fiuind  that 
parallel  rays  R I,,  R L will  he  refracted 
into  the  directions  L r,  L r,  so  as  to  di- 
verge as  if  they  proceeded  from  /.  a 
point  before  the  lens  which  is  the  prin- 
cipal focus  of  the  lens.  The  principal 
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focal  (llslunce  C/  is  the  same  as  in  con-  When  converging  proceeding  to 
vex  lenses,  amt  when  the  lens  is  one-  a ^nt  F,  {Jig.  ll,)teyond  tlie  princi- 
qually  concave,  the  focal  distance  will  pal  focus  O of  a concave  lens,  are  in- 
be  found  by  the  rule  for  unequally  con-  tereepted  by  it,  they  will  be  made  to  di- 
vex  lenses.  verge  in  lines  hr,  L r, as  if  ^ey  pro- 
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cc€<led  from  a focus / in  front  of  the 
lens  beyond  O.  When  F coincides  with 
O,  tile  refracted  rays  L r,  L r will  lie 
parallel,  and  when  the  point  F is  within 
O,  the  refracted  rays  will  converge  to  a 
focus  on  the  same  side  of  the  lens  with 
F,  but  on  the  other  side  of  O.  These 
foci,  viz.  F and  /,  are  called  conjugate 
foci,  and  the  position  of  one  of  them, 
when  the  otlier  is  given,  may  be  found 
by  the  nile  for  converging  rays  falling 
on  convex  lenses. 

When  diverging  ray»  R L,  R C,  R I,, 
{Jig.  12.)  proceeding  from  any  point  F 


without  the  focus  O N.fall  upon  a con- 
cave lens  I.  L,  they  will  divcige  in  direc- 
tions I,  r,  h r,  as  if  they  proceeded  from  a 
point  between  0 and  C ; and  as  F ap- 
proacncs  to  C,/  will  also  approach  to  it ; 
and  the  distances  FC  orJ^C  will  be 
found  when  either  of  them  is  given,  l>y 
the  same  rule  as  for  diverging  rays  fall- 
ing upon  convex  glasses. 

Refraction  through  a Menitcita  and 
a Concavo-comex  Lens. — The  ed'ect  of 
a meniscus  upon  light  is  the  same  as  a 
convex  lens  of  the  same  focal  distance ; 
and  that  of  a concavo-convex  lens  is 
the  same  as  that  of  a convex  lens  of  the 
same  focal  distance.  The  following  is 


the  rule  for  finding  their  focal  lengths 
for  diverging  rays.  Multiply  double  the 
distance  of  the  point  of  divergence  liy 
the  product  of  the  two  radii  for  a divi- 
dend ; take  the  difference  between  the 
products  of  the  above  distances  into  each 
of  tlie  radii  for  a divisor,  and  the 
quotient  will  be  the  focal  distance  re- 
quired. 

For  paral/el  rays,  the  nile  is  much 
simpler.  Divide  twice  the  product  of 
the  two  radii  by  the  difference  of  the 
radii,  and  the  quotient  is  the  principal 
focal  distance. 

In  studying  the  preceding  account 
of  the  refraction  of  light  tlnough  lenses, 
we  would  recommend  it  to  the  reader 
to  demonstrate  to  himself  the  truth  of 
the  different  results,  by  actually  pro- 
jecting the  rays  in  large  diagrams,  and 
determining  their  course  afler  refraction 
by  the  method  shown  in  Jigs.  4 and  fi. 
He  wilt  thus  obtain  a knowledge  of  the 
progress  of  light  through  refracting 
surfaces,  which  will  facilitate  the  study 
of  the  following  chapters. 

The  property  of  a convex  lens  of  re- 
fiacting  parallel  rays  to  a focus  fur- 
nishes the  principle  upon  which  the 
burning  glass  is  constructed.  A burning 
glass,  indeed,  is  nothing  more  than  a 
large  convex  lens,  L h,  {fig.  7.),  which 
collects  into  a small  space,  at  its  focus  f, 
all  the  rays  of  the  sun  R L,  R C,  R L, 
which  fall  upon  it 

If  the  lens  L L has  a surface  of  400 
square  inches,  and  if  the  rays  which 
cover  its  surface  are  collected  info  a 
space  of  one  square  inch,  the  burning 
power  will  tie  400timcs,provided  no  light 
is  lost,  and  all  the  rays  arc  col  lected  in  one 
spot.  It  is  both  difficult  and  expensive 
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to  malce  large  burning  glasses;  and, 
on  this  account.  Dr.  Brewster  has  con- 
trived a Duilt-up  lens,  which  may  be 
made  of  any  magnitude,  and  which  is 
superior  to  a common  lens  of  the  same 
size. 

Tlic  properly  of  a convex  lens,  by 
which  rays  proceeding  from  its  focus 
are  refracted  info  parallel  directions, 
enables  us  in  light-houses  to  throw  a 
strong  liglit  to  great  distances  at  sea. 
To  this  purpose  the  built-up  lens  above- 
mentioned  has  been  applied  with  great 
success*. 

Chapter  IV.— Dioptrics  continued. 

Formation  of  images  by  Lenses — Vision 
of  Images —Apparent  Mamitude — 
Magnifying  Power  — Telescopes  — 
Microscopes 

AVe  have  already  shown  in  Chapter  I„ 
that  a tolerably  distinct  image  or  pic- 
ture of  any  object  may  be  formed  upon 
a piece  ofpaiier,  by  placing  a small  pin- 
hole or  other  aperture  between  the  ob- 
ject and  the  paper,  and  excluding  all  ex- 
traneous liglit-  Thus,  if  C,  (fg.  1 3.)  is  a 
small  hole  in  the  front  of  a box,  A B m n, 


and  M N an  ol^ect  liefore  it,  the  rays 
from  the  end  M will  pass  straight 
Fig.  13. 


through  the  hole  C,  and  illuminate  the 
point  m of  the  back  of  the  box  with  their 
own  colour ; the  rays  from  N will  do 
the  same  at  n ; and  all  other  points  of 
MN  will  in  like  manner  throw  their 
rays  on  points  immediate  opposite 
them  between  m and  n.  The  effect  of 
the  small  hole  C is  to  prevent  the  rays 
from  any  one  point  of  the  object  M 
from  falling  on  any  other  point  in  m n, 
tlian  the  point  immediately  opposite  to 
it ; and  hence  the  smaller  that  we  make 
the  aperture  C,  the  more  dictinct  yvill  lie 
the  picture  mn  of  tlie  object  M N. 
But  from  the  same  cause  the  picture 
will  be  faint,  as  the  hole  C admits  such 
a small  number  of  the  rays  which 
flow  from  every  point  of  the  object 
M N.  If  yve  enlaige  the  hole  C,  and 
substitute  a lens  LL,  as  in  j!g.  14 


Fig.  14. 

M 


having  I.  n for  the  focal  distance  suited 
to  the  distanee  of  M N,  yve  shall  have 
an  image  n m eviTy  way  similar  to 
that  formed  by  the  hole,  but  much 
brighter  and  more  distinct.  Since  all 
the  rays  yvhich  flow  from  M,  such  as 
■M  I..  Si  L,  and  fall  upon  the  lens  I.  L, 
yvill  be  refracted  to  a focus  at  m,  and  all 
those  from  N to  a focus  at  n,  they  will 
there  paint  a distinct  picture  of  the 
Jioints  from  which  they  come,  and  con- 
sequently of  the  whole  object  M N. 
The  superior  distinctness  of  the  image 
inn  in  fg.  14,  to  that  formed  by  the 
aperture  0 in  fg.  13,  arises  from  the  cir- 
cumstance that  the  rays  from  one  point 
of  the  object  M N cannot  interfere  with 
those  from  any  other  point ; and  its  su- 
perior brightness  arises  from  the  great 
number  of  rays  from  each  point  which 


are  collected  by  the  lens  in  the  corre- 
sponding point  of  the  image. 

It  is  obvious  from  the  figure,  that  the 
image  n m formed  by  a convex  glass 
must  necessarily  be  inverted,  for  it  is 
impossible  tliat  the  rays  from  the  up]ior 
end  M of  the  object  can  be  carried  by  re- 
fraction to  the  upper  end  of  the  image  at  n 

As  the  rays  M C,  N C are  refracted 
in  lines  C m,  C n,  parallel  to  C N,  C M, 
the  triangles  n C m,  N C M are  similar, 
and  m«  is  to  MN  as  C m is  to  CM, 
that  is,  fbe  length  of  the  image  formed 
by  a convex  lens  is  to  the  length  of  the 
oigect,  as  the  distanee  of  the  image  is  to 
the  distance  of  the.  olgert  from  the  lens. 

Tlie  relative  positions  of  the  oljcct 
and  image  when  the  object  is  placed  at 
different  distances  from  the  lens,  are 
exactly  the  same  as  the  conjugate  foci  of 
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rays  diver^ng  from  a point,  as  shewn  in 
9.  This  motion  of  the  conjugate  foci 
is  excellently  illustrated  by  the  following 
experiment  given  by  Dr.  Smith. 

Having  determined  the  focal  distance 
E F,  (yfg.  15.)  of  a convex  lens  of  glass 
£,  and  fixed  it  in  a frame  on  a stand  of 
wood  C E D,  placed  vertically  on  a long 
table  or  floor  A B,  draw  a line  A B 
perpendicular  to  the  frame,  or  parallel 
to  the  axis  of  the  lens,  through  the 
point  C,  and  on  this  line  lay  down  the 
focal  distance  of  the  lens  from  C to  F, 
and  set  the  same  distance  from  F to  1, 
from  I to  II,  II  to  III,  &c.,  and  also 
on  the  other  side  of  C,  from  C to /, 
from  / to  I , from  1 to  2,2  to  3,  &c. 
Let  ill  &c.  of  the  focsil  distance  E F 
be  next  set  from  F towards  I,  and  also 
fixim  f towards  I , and  afiix  the  numbers 
J J I to  the  points  of  division.  'When 
this  is  done,  darken  the  room,  and  set  a 
candle  at  Q over  the  mark  II,  the  rays 
refracted  by  the  lens  will  converge  at  q, 
and  form  an  inverted  image  of  the 
candle  upon  a paper  screen  G H,  placed 
at  the  opposite  mark  ).  If  the  candle 
is  removed  to  III,  the  inverted  image 
will  be  seen  formed  at  L by  advancing 
the  paper  to  J,  and  if  the  candle  is 
pushed  farther  in  to  I,  the  distinct  image 
will  be  seen  formed  at  I , by  withdrawing 
the  paper  to  that  point.  The  effect  will 
Ire  exactly  the  same  if  the  candle  and 
the  paper  be  made  to  change  places. 
Hence  it  will  be  found  by  direct  experi- 
ment, that  / q varies  reciprocally  as 
F Q,  that  is,  it  increases  in  the  same 
proportion  as  F Q diminishes,  and  dimi- 
nishes in  the  same  proportion  as  F Q in- 
creases. If  Q is  brought  forward  to  F, 
no  distinct  image  of  the  candle  will  be 
formed  at  any  distance,  but  the  light 
will  lie  refracted  into  a parallel  beam, 
of  the  same  diameter  as  the  lens  at  all 
distances  from  it. 

If  the  image  n m (yfg.  14.)  is  received 
upon  ground  glass,  or  upon  transparent 
paper,  or  upon  a plate  of  glass  upon 
which  a layer  of  skimmed  milk  has  been 
allowed  to  dry,  and  if  we  place  tlie  eye 
behind  it,  we  shall  see  the  inverted 
image  with  as  much  distinctness  as 
Ixfore,  provided  the  eye  is  distant  six 
inches,  the  distance  at  which  we  view 
all  other  near  objects.  If  when  the  eye 
is  in  this  position,  we  take  away  the 
glass  or  paper  on  which  the  image  is 
formed,  we  shall  see  the  image  in  the  air, 
as  it  were,  as  distinctly  as  before.  The 
reason  of  this  is,  that  all  the  rays  which 
are  refracted  to  foci  at  n,  m,  &c.  cross 


Fig.  15. 
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one  another  at  these  points,  and  there- 
fore diverec  from  tliem  in  precisely  the 
same  manner  as  tliey  do  fi'om  Die  point 
M N of  tlie  objeeL  Henee  we  may 
treat  the  image  n m as  a new  object, 
and  if  we  place  another  lens  behind  it, 
an  image  of  n m would  be  formed  in  the 
same  manner  as  if  ntn  were  a real  ob- 
ject of  the  same  size.  Images  of  images 
may  theiefore  be  formed  in  succession 
bv  convex  lenses,  the  last  image  being 
ahvays  considered  as  a new  object,  and 
being  always  an  inverted  picture  of  the 
one  before. 

In  order  to  explain  how  lenses  in- 
crease the  size  of  objects,  and  make 
them  api'car  as  if  they  were  brought 
neaicrto  us,  the  reader  must  understand 
clearly  what  is  meant  by  the  apmrent 
nwnnilude  of  objeett.  When  a shilling 
is  ]ilaccd  a hundred  yards  from  us,  it  is 
sciu'cely  visible,  and  its  apparent  mag- 
nitude, or  the  angle  under  w hich  it  is 
seen*,  is  said  to  be  tlicn  extremely 
small.  At  the  distance  of  twenty  or 
thirty  yards,  we  can  just  sec  Uiat  it 
is  a round  body ; and  we  see  ttiat  its 
apparent  magnitude  has  increased  ; at 
the  distance  of  three  yards,  we  begin 
to  see  the  King's  head  upon  it ; and  at 
the  distance  of  six  or  eight  inches,  its 
ajiparent  magnitude  is  so  great,  that  it 
n]i]>ears  to  cover  a distant  mountain, 
and  we  can  read  both  the  legend  and 
the  date  w ith  perfect  distinctness.  By 
bringing  the  shilling  nearer  the  eye,  we 
have  actually  magnified  it,  or  made  it 
apparently  larger ; and  though  its  size 
remains  the  same,  we  have  tlms  made 
all  its  parts  distinctly  seen. 

AVhen  the  distance  of  the  shilling  is 
twenty  feet,  let  a convex  lens,  whose 
focal  length  is  tivx!  feet,  be  placed  half 
way  between  the  shilling  and  the  eye, 
that  is,  ten  feet  from  each;  then  it 
is  demonstrable  tliat  the  image  of  the 
shilling  formed  by  tlie  lens  will  be  ex- 
actly if  the  same  sixe  as  the  shilling, 
and,  consequently,  it  is  not  directly 
magnified  by  tlie  lens ; but,  as  the 
image  is  brought  so  near  us  that  the 
eye  can  view  it  at  the  distance  of  six 
inches,  its  appaient  magnitude  is  in- 
creased in  the  proportion  of  six  inches 
to  twenty  feet,  or  as  one  to  forty,  that  is, 
forty  times.  Hence,  we  have  magnified 
the  shilling  forty  times  merely  by  bring- 
ing an  image  ot  it  near  to  the  eye. 

If  the  shilligg,  or  object,  is  so  remote 
that  we  cannot  place  a lens  half  way 

* Tl.^  -tnifla  M C N it  the  iinglp  oDtlf'r  which  tht 
object  M N i»  •rot  U)  •&  c/e  at  (/« in /iy.  U. 


between  it  and  the  eye,  we  can  still 
magnify  it  liy  farming  a small  image  of 
it  in  the  following  manner ; Let  the  same 
lens  of  five  feet  focal  length,  hke  L I., 
(fig.  14.)  be  placed  in  a bole  in  the 
wi^ow-shutter  of  a dark  room,  and 
let  us  suppose  that  the  object,  such  as  a 
diurch-spme,  is  distant  SItUO  feet,  or 
almut  a mile ; then,  as  the  rays  from 
this  object  will  fall  nearly  parallel  on 
the  lens  L L,  an  inverted  unage  n m 
will  be  formed  in  its  principal  focus,  or 
five  feet  behind  the  lens,  and  the  size  of 
this  image  will  be  to  that  of  the  object 
as  5 feet  is  to  5000,  or  1 000  times  smaller 
than  the  ol^ecL  But  if  we  view  this 
small  image,  so  as  to  see  it  distinctly,  at 
the  distance  of  six  inches,  we  see  it 
under  ui  angle,  or  with  an  apparent 
magnitude,  as  much  greater  than  if  the 
same  small  image  were  equally  far  off 
with  the  spire,  as  6 inclies  is  to  5000  feet, 
tliat  is,  10,000  times.  Hence,  though  tho 
image  is  1 000  times  less  than  tlie  spire, 
from  one  cause,  yet  from  its  being 
brought  near  to  the  eye,  it  is  1 0,000  times 
greater  in  apparent  magnitude ; conse- 
quently, its  apparent  magnitude  is  in- 
creasea  VlAV  or  ten  times,  that  is,  it  is 
actually  magnified  ten  times  by  means  of 
the  lens  L L.  Tills  niagnifring  pow  er  is 
always  equal  to  the  focu  length  of  the 
lens,  divided  by  the  distance  at  which 
tlie  eye  sees  near  objects  most  dis- 
tinctly, which  in  the  present  example  is 

5 feet  60  inches 

— r — or  — ; — — or  ten  times,  as 

6 inches  6 inches 

before. 

When  the  image  n m is  received  upon 
any  smooth  and  white  surface,  sucli  as 
paper,  stucco,  ground  glass,  8zc.  tlien  the 
lens,  and  other  apparatus,  is  called  a 
camera  obseura,  or  dark  chamber  ; but 
when  tlie  eye  is  placed  behind  the  lens, 
and  sees  the  inverted  image  in  the  air,  the 
apparatus  is  a telescope,  from  two  Gicek 
words  signifying  to  see  at  a distance, 
though  this  name  is  commonly  given 
only  w hen  tliere  are  two  or  more  lenses. 

But  there  is  another  method  of  mag- 


nifying objects,  particularly  olijecta 
within  our  reach,  wliieh  is  of  gieat  im- 
portance in  optics.  We  all  know  tliat 
tlie  eye  can  see  olijects  distinctly  when 
placed  at  a great  distance,  tliat  is,  w hen 
the  rays  proceeding  from  the  object  m-o 
parallel,  or  nearly  so.  Consequently, 
if  we  place  an  object  very  near  liie  eye, 
so  as  to  give  it  great  apparent  magni- 
tude, and  if  we  can  by  any  means  make 
the  rays  w hich  flow  from  it  enter  Ute  eye 
nearly  parallel  to  each  other,  we  must 


Digitized  by  Google 


OPTICS. 


15 


see  it  distinctly.  This  is  efTccted  by  such  microscopes  may  be  always  found 
placing  close  to  the  eye  a convex  lens,  by  dividing  six  inches  by  Uic  focal  dis 
and  holding  tlie  object  in  its  focus  ; for  lance  of  the  lens.  A lens,  for  example, 
we  have  already  seen  that  when  rays  di-  the  tenth  of  an  inch  in  focal  length,  will 
verge  from/,  the  focus  of  a lens  LL,  magnify  GO  times;  and  one  the  hun- 
/g.  7,  the  refitted  rays  L U,  L H are  dredlh  of  an  inch,  GOO  times, 
parallel.  By  placing  the  object  a little  To  the  telescope  w'Hh  one  lens,  which 
nearer  than/,  the  rays  which  flow  from  magnifled  10  times,  wlien  tlie  image 
it  may  receive  that  precise  degree  of  »n  14  and  16)  was  seen  by  the 
divergency  which  they  have  when  the  naked  eye  placed  six  inches  behind  it, 
object  Is  placed  six  inches  from  the  eye,  we  may  now  give  additional  magnifying 
the  nearest  distance  at  which  we  see  power,  by  bringing  tlie  eye  O within  an 
minute  objects  distinctly.  If  the  distance  inch  of  the  image,  tlmt  is,  by  viewing 
C/ is  one  inch,  the  object  at/ will  have  the  im|45e  nm  vviUj  a lens  //,  whose 
its  apparent  magnitude  six  times  greater  focal  di^ance  is  one  inch.  Tliis  Ions 
than  when  it  is  seen  at  the  distance  of  will  magnify  the  image  six  times ; but, 
six  inches  without  the  lens.  It  is,  there*  as  the  image  had  been  {MXjviously  mag- 
fore,  said  to  be  magnified  six  times  by  nified  ten  times,  by  the  lens  h L,  tiie 
the  lens  L L.  This  lens  is  called  a sitigte  magnifying  eiiect  of  the  two  lenses  w ill 
microscope,  smd  the  magnifying  power  of  l>e  lOx  6,  or  6U  times.  Tliis  instrument 


Fig.  16. 


is  atlronomical  telescope,  by  whicli  magnified;  andthis  image,  so  magnified, 
uljects  are  seen  inverted,  and  the  mag-  is  seen  under  a still  greater  angle,  or 
nifying  power  of  which  is  always  equal  still  farther  magnified  hy  the  eye  glass, 
to  tlie  focal  lenglh  of  the  object  glass  wdiieh  enables  the  eye  to  see  it  distinctly 
I,  L,  or  the  lens  next  the  object,  divided  at  a less  distance  than  six  inches, 
hy  the  focal  lengtli  of  the  eye  glass  1 1,  The  process  of  magnifying  objects  hy 
or  the  lens  next  the  eye.  the  single  microscope*  has  been  already 

The  principle,  therefore,  of  the  tele-  e:rolained ; but,  when  a very  high  mag- 
scope,  is  simply  tliis : the  oliject  glass  nifying  power  is  required,  it  is  necessary 
forms,  in  its  focus,  a distinct  image,  or  to  use  two  lenses,  as  in  the  a.stronomical 
picture  of  the  ol^ect,  wliich,  though  telescope.  Tlie  object  M N (Jig.  17.) 
very  much  smaller  than  the  object,  is  is  placed  a little  farther  from  tlie  lens 
yet  seen  under  a much  greater  angle,  or  L L than  its  prin.ipal  focus,  and  an  in- 


verted image  of  it  is  formed  at  nm. 
Ttiis  image,  being  in  the  principal  focus 
of  anotliCT  lens  / 1,  the  rays  which  pro- 
ceed from  it  will  lie  refracted  into  pa- 
rallel directions,  and  thus  afford  distinct 
vision  of  it  to  tlie  eye  at  F, : the  lens 
1. 1,  is  c,allod  the  olijcct  glass,  and  1 1 
tlie  eye  glass,  and  the  instrument  is 
calleif  a enmpound  microscope.  Tlie  ob- 
ject M N is  fust  magnified  by  the  object 
glass  L L in  Uie  proportion  of  L m to 


L M,  and  tills  magnified  ima"e  is  again 
magnified  by  the  eye  glass  1 1,  in  the 
proportion  of  I n to  six  inches.  Hence, 
if  the  focal  length  of  I,  L is  half  an 
inch,  L n six  inches,  and  the  focal  length 
o(ll  one  inch,  the  magnifying  power 


will  be  5 X S =72  tunes,  or  12  times  by 
L L,  and  again  C times  by  1 1.  


• From  two  Oreck  wordr,  to  Its  m»U 

thisgs. 
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Chapter  V.— Catoptrics. 

Reflexion  of  Light- Laic  of  Reflexion  - 
'Reflexion  from  Plane,  Concave,  and 
Convex  Mirror$, 

Hitherto  we  have  considered  only  the 
hsAt  which  w transmitted  through 
transparent  bodies ; but  in  every  case 
where  light  falls  upon  a body,  a portion 
of  it  is  tSrovra  back  or  reflected  from  its 
surface,  according  to  a regular  law. 
The  branch  of  optics  which  treats  of  the 
reflexion  of  light  is  called  CatojRrice, 
from  two  Greek  words,  one  of  which 
signifies  from  or  cigaimi,  and  the  o^er 
to  eee,  because  things  are  teen  by  light 
reflected /rom  bodies. 

When  a ray  of  light,  AC,  (Jig- 18)  falls 
upon  a polishtSi  surface,  either  plane 
like  HC8,  or  ciuwed  like  rC*,  at  the 
point  C.  it  will  be  reflected  in  such  a 
direction  CB,  that  the  angle  A C P. 
which  the  ray  makes  with  C P,  a line 
perpendicular  to  the  sui’face  at  C,  is 
equal  to  the  angle  B C P,  which  the 
reflected  ray  makes  with  the  same  per- 
pendicular. The  angle  A C P is  called 
the  angle  of  incidence,  and  B C P the 
angle  of  reflexion.  When  the  rav  falls 
in  the  direction  P C,  it  is  reflected  back 
in  the  same  line;  and  when  the  ray 
falls  in  the  direction  H C,  it  is  reflected 
in  the  ilirection  C S. 

These  results  may  be  easily  proved  by 
reflecting  the  light  of  the  sun  or  a can- 
dle from  a piece  of  looking-glass ; and 
hence  we  may  consider  it  as  a general 
law,  that  the  angle  of  reflexion  is  equal 
to  the  angle  of  incidence. 

The  bMies  which  arc  used  to  rcflecl 
light  are  called  mirrors,  or  specula,  and 
are  commonly  pieces  of  metal  or  plass, 
having  their  surface  highly  polished. 
Those  made  of  glass  are  generally  iiuick- 
silvered  on  one  side,  so  as  to  reflect 
more  light ; but  in  the  following  obser- 
vations it  is  supposed  that  the  mirror  is 
made  of  metal.  Mirrors  are  either 
plane,  concave,  or  convex,  according  as 
they  are  bounded  by  plane  or  by  sphe- 
rical surfaces. 

Reflexion  of  rays  from  plane  mirrors. 
— "W^hen  parallel  rays  fall  upon  a plane 
miiTor  they  will  be  parallel  after  re- 
flexion. If  A C.  A'  C’  ( fig.  18)  are  two 
parallel  rays  falling  upon  the  plane  mir- 
ror R S',  they  will  be  reflected  into  the 
parallel  directions  C B,  C'  B' : since 
C P,  C'  P*  are  both  peiq>endicular  to  the 
same  plane,  they  are  parallel ; and  be- 
cause A C is  parallel  to  A'  C',  and  C P 
to  C'  F,  the  angle  AGP  will  be  equal 


to  A'C'F.  Hence  B G P is  equal  to 
to  B'C'P,  and  CB  parallel  to  C'B'. 
The  same  truth  may  be  easily  proved 
experimentally. 

When  diverging  rays  fall  upon  a 
plane  mirror,  they  will  have  the  siune 
divergency  after  reflexion.  I.et  the  rays 
AB,  .\D,  AF,  diverring  from  A (f^. 
19.)  fall  upon  the  plane  mirror  RS; 

Fig.  19. 

X P'  fr/c 


//y 


draw  B C,  I)  E,  F G,  so  as  to  make  the 
angle  GBP  equal  to  A B P ; E D P' 
equal  to  AI)F,  and  GFP'  equal  to 
AFP";  then  by  conUnuing  the  lines 
C B,  E b,  G F backwards,  they  will  l>e 
found  to  meet  at  A',  so  that  A'  B,  A'  D, 
and  A'  F are  respectively  equal  to 
A B,  A D,  and  A F ; and  B A F equal 
to  B A'  F. 

When  converging  rays  fall  upon  a 
plane  mirror  they  will  nave  the^  same 
coiivcrgcncy  after  reflexion.  This  is 
obvious,  from  flg.  19,  where  the  rays 
C B.  E D,  and  C F fall  upon  the  mirror 
R S,  and  would  have  met  in  a point  at 
A',  if  the  mirror  had  not  intervened. 
Since  the  lines  FA,  DA,  BA  foi-m 
equal  angles  with  the  perpendicular  at 
F,  D,  and  B,  they  will  be  the  reflected 
rays  which  will  meet  at  A,  in  the  same 
manner  as  they  would  have  done  at  A', 
had  there  been  no  mirror  to  reflect 
them. 

R flex  ion  of  parallel  rays  by  con 
cave  and  convex  mirrors.— Let  MN 
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(yfif.2fl.)  be  a concave  mirror,  of  which 
R U E is  the  axis,  or  the  line,  by  a 
motion  round  wliich  the  section  M N 


would  mnerate  a concave  mirror.  Let 
0 be  the  centre  of  its  concave  surface 
MEN,  and  let  parallel  ray»  H A,  H E, 
U B fall  upon  it  at  the  points  A,  E,  B ; 
tliesc  rays  will  be  all  reflected  or  made 
to  converge  to  a focus  /,  half  way  be- 
tween C and  E,  so  that  the  principal 
focal  distance  E/  is  half  the  radius  C E 
of  the  concave  surface.  The  ray  R E 
fidling  jicrpendicularly  at  E,  will  be  re- 
flected backwards  in  the  same  line  £ R, 


and  will  consequently  pass  through  / 
In  order  to  find  the  direction  of  RA 
after  reflection,  draw  C A P,  which  will 
be  perpendicular  to  the  spherical  sur- 
fac-e  at  A ; then  as  R A C is  the  angle 
of  incidence,  make  C A / equal  to  it, 
and  A / will  be  the  renecteel  ray  ; in 
like  manner  find  B f,  the  i-eflecleil  ray 
for  R B.  Now,  since  R A and  R E are 
parallel,  R A 0 is  equal  to  A C/,  that 
IS,  C A/  is  equal  to  AC/;  conse- 
nuently  C/  is  equal  to  / A.  But  as 
the  point  A approaches  to  E,/ A will 
become  equal  to  /E,  and  consequently 
/Eto/C. 

By  continuing  all  the  lines  in  the 
figure  to  the  other  side  of  the  mirror, 
the  very  same  reasoning  may  be  used 
to  prove,  that  when  parallel  rays  R'  A, 
R'  E,  R'  B fall  upon  a convex  miiTor 
M A E B N,  the  reflected  rays  .A  r,  E R‘, 
B r will  diverge  as  if  they  came  from  /, 
which  is  called  their  virtual  focus,  and 
which  is  the  principal  focus  of  parallel 
rays. 

Reflexion  of  diver^ng  rags  by  con- 
cave and  convex  mirrors.  lajt  M N 
(flg.1\.)  be  a concave  mirror,  whose 
axis  is  C £,  and  centre  C,  and  let  O be 


Its  principal  focus  or  focus  of  parallel 
rays,  such  as  / was  in  fig.  20.  Then  if 
rays  RA,  RE,  RB,  diverging  from  F, 
full  upon  it,  tliey  will  be  reflected  to  a 
fixius/ between  0 and  C,  so  that  R O is 
to  O C as  O C is  to  O /;  that  is,  the 
distance  / O is  equal  to  half  the  ra- 
dius of  the  mirror  multiplied  by  itself, 
and  divided  by  the  distance  of  the  diver- 
gent point  R or  F from  the  point  O. 
Hence  by  adding/ O to  half  the  radius 
O E,  we  obtain/ E,  the  conjugate  focal 
length  of  the  mirror  for  rays  proceeding 
from  F.  The  truth  of  this  may  be  easily 
proved  by  projecting  tlie  reflected  rays, 
and  measuring  the  distances  on  a scale 
of  equal  parts;  but  the  following  de- 


monstration of  it  is  so  simple,  that  we 
shall  lay  it  before  the  reader.  Let  A U 
be  the  reflected  ray,  corresponding  to 
the  incident  ray  D A,  parallel  to  the 
axis  C E ; then,  since  D A C is  equal  to 
C A O,  and  since  RAC  is  equal  to 
C A/,  the  remainder  D A R is  equal  to 
the  remainder  O A/.  But  in  the  trian- 
gles A R O,  A/O,  the  angle  A ()/  is 
common,  and  A R O equal  to  D A R, 
which  is  equal  to /A  O ; hence  the  trian- 
gles are  similar,  and  R O is  to  O A,  as 
O A is  to  O/;  W O A is  equal  to  O C, 
consequently,  R O is  to  0 C,  as  C 0 
is  to  Of. 

From  this  nde  we  conclude,  and  it  may 
be  clearly  proved  by  projecting  the  inci- 
c 
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dent  and  reflected  rays,  that  when  one 
of  the  conjugate  foci  R approaches  to  C, 
the  other  focus  / also  approaches  to  C ; 
and  when  F coincides  with  C,/  also  co- 
incides with  it ; so  that  it  follows,  that 
when  rays  diverge  from  the  centre  of  a 
sphere  or  a spherical  surface,  they  are 
ail  reflected  back  again  to  the  same 
point  from  which  thw  diverged.  When 
R passes  C towards  O,/  will  then  pass 
beyond  C,  and  move  farther  otf  as  R 
approaches  to  O.  When  F coincides 
mth  O,  f will  be  infinitely  distant,  or 
the  reflected  rays  will  be  parallel. 
When  R passes  0 towards  E,  the  re- 
flected rays  will  diverge  like  A D',  and 
will  have  their  virtual  focus  about  f 
behind  the  mirror ; and  as  R approaches 
E,  Twill  also  approach  E. 

If  nc  continue  the  lines  CA,  C E, 
CB  behind  the  mirror  in  fig.  21,  and 
suppose  MEN  the  surface  of  a convex 
mirror,  upon  which  rays  R' A,  R'E,  and 
R'  B fall,  diverging  from  U',  then  it  may 
be  proved,  by  the  very  same  reasoning, 
that  they  will  be  reflected  in  the  direc- 
tions A r,  E R,  B r in  lines  which  di- 
verge from  a virtual  focus  whose 
distance  from  O or  E is  found  by  the 
nde  above  given  for  concave  mirrors. 
As  R'  recedes  from  the  miiror,  /"  will 
approach  to  O,  with  which  it  will  coin- 
cide when  R'  is  infinitely  distant,  and 
the  rays  become  parallel.  When  R' 
approaches  to  E,  /"  also  approaches 
to  E. 

Reflexion  of  converging  ray»  by 
concave  and  convex  mirrors. — It  is  ob- 
vious, from  fig.  21,  that  all  rays,  such 
as  D'  A,  winch  fall  converging  upon  the 
concave  mirror  M N , w ill  be  reflected 
to  a focus/ 'between  O and  E,  and  this 
focus  will  approach  to  E,  as  the  point 
of  convergence/'  approaches  to  E.  It 
may  be  shown  by  the  same  reasoning  as 
for  diveiging  rays,  that  /'  O is  to  O C, 
as  O C is  to  O/  ",  /"  being  now  between 
O and  E. 

When  converging  rays  rA,rB  {fig.2\  .) 
fall  U|K)n  a corarj-  mirror  M N,  as  if  they 
proceeded  to  some  point  J“  between  O 
and  E,  they  will  be  refleeled  to  R'  whose 
distance  from  O or  E is  found  by 
the  very  same  reasoning  which  we  have 
pven  for  tliverging  rays.  From  this  it 
follows,  and  it  may  be  proved  also  by 
projecting  the  rays,  that  when  they  con- 
verge to  any  point  between  O and  C, 
they  will  be  reflected,  as  if  they  divei^ed 
from  R beyond  C.  When  they  con- 
verge to  C they  will  be  reflected  in  the 
same  direction  as  if  Uiey  came  from 


C ! and  if  they  converge  to  a point  be- 
yond C,  they  will  be  reflected,  diverging 
as  if  they  proceeded  from  some  point 
between  C and  O.  When  they  con- 
verge to  O,  they  will  be  reflected,  in  pa- 
rallel lines,  or  their  focus  will  be  infi- 
nitely distant ; and  if  they  converge  to 
a point  /"  between  O and  E,  they  will 
be  reflected  to  a real  focus  at  R,  wliich 
will  approach  to  E,  as /'  approaches  to 
£,  according  to  the  law  alre^y  given. 


Chapter  VI. — Catoptrics  continued. 

Formation  of  Images  by  Plane,  Con- 
cave, and  Convex  Mirrors — Reflect- 
ing Telescopes  — Refiecting  Micro- 
scopes. 

The  principle  of  the  formation  of  ima^s 
by  mirrors  is  exactly  the  same  as  by 
lenses,  and  the  place  of  the  image  may 
be  determined  from  the  place  of  the  ob- 
ject, and  the  radius  of  the  mirror,  by 
finding  the  foci  or  points  of  convergence 
of  the  rays,  from  the  rules  in  the  preced- 
ing chapter.  The  application  of  these 
rules  we  shall  now  exemplify. 

Formation  of  images  by  plane  mirrors. 
— Let  R8  tfig.  22.)  t)c  Uie  sm-facc  of  a 

Fig.  22. 


plane  mirror,  and  M N any  object  placed 
tiefore  it,  and  let  tlie  eye  of  the  observer 
lie  placed  any  where  before  tlie  mirror, 
as  at  F G.  Of  all  the  rays  which  pro- 
ceed in  every  direction  from  the  points 
M,  N of  the  object,  and  are  refleeled  from 
the  mirror,  those  which  enter  the  eye  are 
few  in  number  and  must  be  reflected 
from  portions  A B,  C 1)  of  the  mirror, 
so  situated  with  respect  to  the  eye  and 
the  object,  that  the  angles  of  incidence 
of  the  rays  which  fall  on  these  portions 
must  be  equal  to  the  angles  of  reflexion 
of  those  w hich  enter  the  eye  Iwtwecn  F 
and  G.  The  ray  M A,  for  example,  will 
be  reflected  in  the  direction  A F,  and 
the  ray  MB  in  the  direction  B G ; in 
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like  iwmner,  fher«ys  N C,  N I>  will  be 
reflected  in  the  dn^tions  C F,  DG. 
Now  the  rays  AF,  B G,  by  which  the 
point  M is  seen,  enter  the  eye,  F G.  as  if 
they  came  from  m,  as  far  behind  the 
miiTor  as  M is  before  it,  and  the  rays 
C F,  D G enter  the  eye  as  if  they  came 
from  a point  n,  as  far  behind  the  mirror 
as  N is  before  it,  that  is,  E m is  equal  to 
E M,  and  H n to  H N.  Consequently, 
if  we  join  mn  it  will  be  of  the  same 
length  as  M N.  and  have  the  same  posi- 
tion  behind  the  mirror  as  the  object  has 
before  it.  If  the  eye  F G is  placed  in 
any  other  position  before  the  mirror, 
and  if  rays  are  drawn  from  M and  N, 
which  after  reflexion  enter  the  eye.  it 
will  be  found  tliat  tliese,  if  continued 
backwaids,  will  meet  at  the  points  »( 
and  n,  and,  consequently,  in  every  posi- 
tion of  the  eye,  the  image  will  be  seen 
in  the  same  spot,  and  of  the  same  size 
at  equal  distances  from  the  eye.  If  the 
olject  M N is  a person  looking  into  the 
mirror,  he  will  see  a perfect  image  of 
himself  at  m n,  and  hence  we  have  an 
explanation  of  the  properties  of  the 
louhing  gluts. 

If  we  place  an  object  M N tfg.  23) 
Fig.  23. 


1 ctween  two  plane  mirrors  A C,  C B. 
Inclined  to  one  another,  at  any  angle 
A C B,  several  images  of  tlie  object  will 
1 c formed,  and  they  will  be  arranged  in 
the  circumference  of  a circle.  This  truth 
may  be  clearly  proved  by  drawing  the 
image  of  the  object  in  its  proper  place 
behind  each  mirror,  and  then  consider- 
ing each  successive  image  as  a new  ob- 
ject, and  drawing  its  image.  By  doing 
this,  it  will  become  evident,  that  the 
image  of  M N in  the  mirror  A C is  ni  n, 
while  its  image  in  B C is  M'  N'.  In  like 
manner  the  image  of  the  image  m n in 
B C will  be  nJ  n\  while  the  image  of 
the  image  M'  N'  in  A C will  be  M"  N".  It 
will  be  found  also  that  m”  n"  is  the  image 
both  of  M"  N"  in  the  mirror  B C,  and  of 
m'  n'  in  the  mirror  A C,  so  tliat  it  con- 
sists in  reality  of  two  images  which  will 


exactly  cover  one  another,  if  A C B is 
60°  or  the  6th  p^  of  a circle,  as  it  is  in 
the  flgure ; but  if  it  is  ever  so  little  less 
or  more,  the  image  m"  n"  will  be  seen 
double.  This  is  the  principle  of  the 
kaleidoscope  *,  so  fur  as  the  multiplica- 
tion of  the  images  and  their  general  ar- 
rangement is  concerned ; but  it  has  no- 
thing to  do  with  the  principle  of  sym- 
metry which  is  essential  to  the  kaleido- 
scope. The  above  truth  is  independent 
of  Ine  position  of  the  object  and  the  eye, 
but  the  kaleidoscope  requires  that  the 
object  and  the  eye  have  certain  posi- 
tions, without  which  it  cannot  proiluce 
symmebical  and  beautiful  forms. 

Formation  of  images  by  convex  mir~ 
TOTS. — Let  U S ijig.  24.)  be  a convex 
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mirror  whose  centre  is  O,  and  M N any 
object  placed  before  it,  then  upon  the 
same  principles  which  have  been  ex- 
plained for  a plane  mirror,  if  will  be 
round  that  an  image  of  it  w ill  be  formed 
at  m n,  the  points  m,  n tieing  ascertained 
by  continuing  back  the  reflected  rays 
A F,  B G,  till  they  meet  at  m,  and  C H, 
D I,  till  they  meet  at  n.  By  joining  the 
points  M,  »j  and  N,  n,  anil  continuing 
the  lines  till  they  meet,  it  will  lie  found 
that  they  meet  at  O,  the  centre  of  the 
mirror,  whatever  be  tlie  distance  or  the 
position  of  the  object  M N.  ITie  image 
m n is  always  less  than  the  object ; and 
as  it  must  always  be  contained  betw  een 
lines  M O,  and  N O,  w hich  meet  at  O, 
its  length  »i  n will  be  to  that  of  the  ob- 
ject M N as  O n is  to  0 N.  When  M N • 
approaches  to  the  mirror,  m n will  also 
approach  to  it,  and  when  M N touches 
the  mirror,  m n w ill  also  touch  it,  and 


• Ftdip  two  Omk  wonli,  eignifyiDg  UsMtipU 
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become  equal  to  M N.  When  M N fore,  are  always  seen  diminished  in  a 
recedes  from  the  mirror,  m n will  be-  convex  mirror,  unless  when  they  touch 
come  less  and  less,  and  recede  from  the  it. 

mirror  also ; and  when  M N is  infinitely  Fhrmalion  of  images  by  concave  mir- 
distant,  m n will  be  at  E,  the  virtual  rare. — Let  M N {fig.  25.)  be  an  object 
focus  of  parallel  rays.  Objects,  there-  at  a considerable  distance  from  a con- 


cave  mirror  R S,  whose  centre  is  C and  nation  constitutes  ttie  Cassegrainian 
principal  focus  F:  then,  as  the  rays  from  reflecting  telescope.  The  former  instni- 
M fall  diverging  on  the  mirror,  tney  will  ment  is  called  alter  its  inventor,  James 
be  reflected  to  a focus  at  m,  a little  Gregory ; the  latter  after  its  inventor, 
without  its  principal  focus,  and  there  Monsieur  Cassegrain.  In  these  teles- 
form  a representation  of  the  point  m ; copes,  the  magnilj-ing  power  is  de- 
in  like  manner  the  rays  diverpng  from  termined  in  the  very  same  manner  as 
N will  be  reflected  to  «,  and  there  form  a for  convex  lenses,  or  combinations  of 
picture  of  N ; so  that  there  will  be  an  in-  them;  the  size  of  the  image  Ireing 
verted  image  n m of  the  oWeet  formed  a always  to  the  size  of  its  object,  as  the 
little  without  the  principal  focus  F.  This  distance  of  the  image  from  the  mirror 
image  seems  to  be  suspended  in  the  air,  is  to  the  distance  of  the  olject. 
and  has  a very  singular  appearance  when  When  the  object  is  placed  nearer  a 

it  is  received  on  a thin  blue  smoke  from  concave  mirror  tlian  its  principal  focus 
a chafing  dish  placed  below  m.  As  the  F,  the  rays  will  not  have  tlieir  locus  in 
ol^ect  hi  N recedes  from  the  mirror,  the  front  of  the  mirror,  but  will  diverge 
image  mn  approaches  to  F,  with  which  as  already  shewn,  from  conjugate  foci 
it  coincides  when  .M  N is  infinitely  behind  the  muror,  w here  they  will  fonn 
distant.  This  is  the  principle  of  the  Re-  a correct  representation  of  tlie  object. 
fleeting  teletcope.  If  we  conceive  m n The  im^c  is  highly  magnified  when  the 
to  be  a small  object,  then  the  rays  di-  object  is  near  tlie  focus,  but  it  gra- 
verging  from  it  will  form  an  enlarged  dually  diminishes  as  the  object  ap- 
image  of  it  at  M N,  which  may  be  proaches  the  mirror,  and  it  becomes 
either  viewed  by  the  eye,  or,  which  is  equal  to  it  when  tlie  object  touches  the 
better,  by  a convex  lens,  in  which  case  it  muror. 
constitutes  a Reflecting  microscope. 

If  we  consider  the  image  m n as  a new 

oliject,  and  place  a small  concave  mirror  CuaPTER  VII. — On  Spherical  Aherra- 
r s behind  it,  so  as  to  form  an  enlarged  lion  in  Lenses  <md  Mirrors. 

image  of  that  image,  tlie  rays  of  which 

pass  through  a hole  K,  in  the  large  mirror  In  treating  of  the  refraction  of  rays  at 
RS ; then, this  second, orenlarged  image,  the  surfaces  of  ^heres  and  lenses,  w e 
maybe  eitherviewed  by  the  eye  behind  E,  have  supposed  that  all  the  rays  meet 
or  magnified  still  more  by  a convex  lens,  exactly  in  the  focus.  This,  however,  is 
In  this  case,  tlie  combination  becomes  not  exactly  true ; for  if,  in^.  6,  the  ray 
the  Gregorian  reeling  telescope.  If  we  A C is  refracted  by  the  .sphere  L I.  to 
make  the  small  mirror  re  convex,  and  the  point/,  another  ray  falling  U|xm  the 
place  it  between  F and  nm,  so  as  to  spliere  nearer  the  axis,  any  where  be- 
intercept  the  rays  before  they  actually  tween  C and  H,will  have  its  focus,  or 
meet  their  virtual  foci,  n m,  then  an  en-  will  intersect  the  axis,  at  a point  /' 
larged  image  of  this  virtual  image  will  fartlier  from  the  sphere  than /.  This  is 
be  formed  somewhere  about  E,  and  easily  proved  by  actually  projecting  tlie 
may  be  magnified,  as  before,  witli  a refracted  rays,  and  if  it  is  done  for  tliose 
convex  lens.  In  tliis  case,  the  combi-  rays  farthest  from  the  axis,  and  for  tliose 
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nearest  the  axis,  the  difference//^  be- 
tween the  foci  of  these  rays  is  called  the 
spherical  aberration^  or  the  aberration 
or  straying  of  the  rays  from  the  focus, 
caused  by  the  spherical  fi^re  of  the  lens. 
That  this  aberration  arises  from  the  cur- 
vature ofthe  class  beinc  equal  or  sphe- 
rical at  C and  at  H is  evident,  for  if  the 
class  was  rounder  or  more  convex  at  H 
tlian  it  is,  it  would  have  a focus  nearer 
the  sphere,  and  the  ray  which  it  now  re- 
fracts only  to /'  would  be  refracted  to /; 
or  if  when  H remains  the  same,  the  class 
were  made  flatter  at  C than  it  is.  it 
would  refract  the  rays  to  a more  distant 
point  than  at  /.  Hence,  in  onlcr  to  re- 
fract rays  at  difierent  distances  from  the 
axis  to  the  same  point,  the  glass  must 
have  different  degrees  of  cur^'ature  at 
different  distances  from  the  axis. 

lly  actually  projecting  the  refracted 
mys  for  spheres  and  lenses  of  different 
kinds,  which  w’e  strongly  recommend  to 
the  student,  he  will  obtain  the  follow- 
ing results 

1.  In  a plano-convex  lens  with  its 
plane  side  turned  towards  parallel  rays, 
that  is,  turned  outwards,  if  it  is  to  form 
an  image  behind  it,  as  in  the  object  glass 
of  a telescope  ; or  inwards,  if  it  is  to  be 
used  as  a single  microscope,  the  aberra- 
tion is  4-1  times  its  thickness*. 

2.  In  a w ith  its  con- 
vex side  tow’ards  parallel  rays,  the  aber- 
mtion  is  1 yVadths  of  its  thickness.  Hence 
in  using  a plano-convex  lens,  the  paral- 
lel rays  should  always  be  incident  on  its 
convex  surface,  or  emerge  from  it. 

3.  In  a dnttble  convex  lens  with  equal 
convexities,  the  aberration  is  l^uths 
of  its  thickness. 

4.  In  a double  whose  radii 

are  os  2 to  5,  the  aberration  is  the  same 
as  in  the  piano  convex  lens  (A I,)  if  the 
side  with  the  radius  5 is  tumw  towards 
parallel  rays ; and  the  same  as  the 
plano-convex  lens  ('J  2,)  if  the  side  with 
the  radius  2 is  turned  towards  parallel 
rays. 

5.  The  lens  with  least  spherical  aber- 
ration is  a double  convex  one,  whose 
radii  are  as  1 to  6,  the  side  whose  radius 
is  1 being  turned  towards  parallel  rays. 
The  abeiration  is  Ihenlxindths  of  its 
thickness.  When  the  side  with  the 
radius  6 is  turned  to  parallel  rays,  its 
aberration  is  S^^dths  of  its  thickness. 

If  we  call  the  aberration  of  the  pre- 
ceding lens  I,  Mr.  Herschel  has  shewn 

* thirkMtu  of  s ].n.  i.  th.  difforono.  li.tw.on 
nt  llie  nii(ldl.,C,  (tit.7.1  and  nl  it.  cir- 
cuuiiorrac,  U 


that  the  following  are  (he  aberrations  of 
other  lenses. 

Best  form  as  in  { 5 • - I.OO 

Double  convex  or  concave  ..567 

Plano-convex  or  concave,  curved 
surface  towards  parallel  mys  1.081 
Plano-convex  or  concave,  plane 
surface  towards  parallel  rays  4.2 
As  it  is  desirable  to  reduce  the  aberra- 
tion below  once  the  thickness  of  the  lens, 
and  ns  this  cannot  be  done  by  a single 
one,  we  must  have  recourse  to  two  lenses 
put  tojrether.  Mr.  Herschel  has  shewn 
that  if  two  plano-convex  lenses  arc  put 
together  as  in^.  26,  the  aberration  will 


Fig.  26. 


be  only  0.2481,  or  one- fourth  of  that  of 
a single  lens  in  its  best  form.  The  focal 
length  of  the  first  of  these  lenses  must 
be  to  that  of  the  second,  as  I to  2 . .8.  If 
their  fiMal  lengths  are  equal,  the  aberra- 
tion will  be  0 . 603,  or  nearly  one  half. 

The  spherical  aberration,  however, 
may  be  entirely  destroyed  by  combining 
a meniscus  and  double  convex  lens,  ns 
shewn  in  tig.  27  and  28,  the  convex  sides 


Fig.  27. 


being  lutned  to  the  eye  wlieii  they  are 
used  as  lenses,  and  to  parallel  rays  « hen 
they  are  used  as  burning  glasses.  Mr. 
Fig.  28. 


Herschel  has  computed  the  following 
curvatures  for  these  lenses 
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Ftirat  Icnifih  of  the  c<mrtx  lent + 10,000 

Hadiufl  of  its  first  surface  + 5.8S3 

Radius  of  its  second  surface — 05.000 

Fornl  letifith  of  the  Meniictu  + 17.829 

Radius  of  its  first  surface  d-  S.688 

Radius  of  its  secoad  surface + 6.391 

Focal  length  o(  \\io  compound  Uiu  -r  6.407. 


A sinc;le  lens  may  be  made  free  from 
alierration  for  parallel  rays,  provided  the 
surface  which  receives  the  parallel  rays 
is  part  of  an  ellipsoid,  (or  prolate  sphe- 
roid, formed  by  the  revolution  of  an 
ellipse  round  its  ^i^eater  axis,)  whose 
greater  axis  is  the  index  of  refraction  of 
the  substance,  the  distance  between  its 
foci  being  1 ; and  provided  that  tlie 
second  surface  is  concave,  .and  whose 
centre  is  the  farther  focus  of  the  spheroid. 

A single  lens  may  also  be  made  free  of 
alierralion  for  parallel  rays,  provided  the 
surface  which  receives  parallel  rays  is 
plane,  and  the  otiicr  surface  part  of  a 
iiyporboloid,  formed  by  the  revolution  of 
a hyi>erbola,  whose  greater  axis  is  the 
index  of  refraction  of  the  substance,  the 
distance  between  the  foci  being  1. 

Spherical  Aberralion  of  JUirrort. — 
In  determining  the  focus  of  parallel 
rays  reflected  by  a concave  spherical 
mirror,  M N l/ig.  20.)  it  has  been  proved 
that  the  focus /is  always  so  situated  in 
the  line  C E,  that  for  any  ray  R A,  C / 
is  equal  to/ A : but  if/^is  the  focus  of 
rays  very  near  R E,  so  tliat  C /'  is  equal 
to  /'  E,  then,  as  /'A  is  greater  than 
/'  E,  /'  cannot  be  the  focus  of  the 
ray  R A ; and,  consequently,  its  focus 
must  be  nearer  E,  or  at /,  in  order  that 
C/ may  be  equal  to  /A.  As  the  ray 
R .\  recedes  from  the  axis  R E,  / A 
will  liecome  greater  and  greater  in  pro- 
portion to/'  E ; and,  therefore,  the  focus 
f must  come  nearcT  and  nearer  to  E,  in 
proportion  as  the  ray  R A recedes  from 
R E.  The  distance//'  for  any  ray  R A 
or  H 13,  or  for  a spherical  mirror,  whose 
diameter  is  A 13,  is  called  its  upkerical 
aberration.  This  aticrration  obviously 
increases  in  the  same  mirror  with  the 
diameter  A 13  of  its  aperture ; and,  in  mir- 
rors of  different  curvature,  it  increases 
with  the  curvature,  for  it  is  clear  that  if 
the  surface  A E B is  more  concave,  / A 
will  increase  faster  in  proportion  to/E. 
Hence,  it  is  plain,  that  if  we  had  a curve 
of  such  a nature  that  aline  R Aparallel 
to  its  axis  0 E,  and  another  line  A / 
drawn  from  A to  a fixed  point /,  should 
always  form  an  eipial  angle  with  C A,  a 
line  perjicndicular  to  the  curve  at  A,  wo 
should  then  have  a surface  which  would 
reflect  paiallcl  rays  to  a focus  or  ma- 
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thematical  point  /.  Now  this  curve  is 
actually  a,  parabola,  and  hence  the  s)ie- 
cula,  or  mirrors,  of  all  reflecting  tele- 
scopes are  ground  into  tlie  shape  of  a 
paraboloid,  or  a surface  formed  liy  the 
revolution  of  a parabola  round  its  axis. 

By  the  same  reasoning  it  may  be 
shewn  that  when  rays  fall  diverging 
from  any  point  R (/g.  2 1 .)  on  a concave 
spherical  mirror  A B,  they  will  not  be 
refracted  to  the  same  focus,  as  the  rays 
near  the  axis,  such  as  R E,  and  that 
such  rays  can  only  be  reflected  to  the 
same  focus  with  those  near  the  axis, 
when  the  surface  A E B is  such  thaf 
lines  drawn  from  two  points  R,/  form 
equal  angles  with  a line  C A,  perpen- 
dicular to  the  surface  at  the  point  where 
the  ray  falls.  Such  a surface  is  that  of 
an  ellipsoid,  whose  foci  are  R and  / ; so 
that  when  rays  diverge  from  one  focus 
of  an  ellipsoid,  they  are  accurately  re- 
flected to  the  other  focus.  Hence,  in 
reflecting  microscopes,  the  mirror  should 
lie  always  a portion  of  an  ellipsoid,  in 
one  focus  of  which  is  the  object,  and  in 
(he  other  the  image. 

Chapter  VIII. — Chromatics. 

Decimpesition  ^ While  Li^hi  into 
Colours — Dijfferent  refrangibilitij  of 
dijf^ently  coloured  Rays — Recompo- 
sition of  white  light. 

Hitherto  we  have  considered  light  as 
a simple  substance,  and  all  its  parts  or 
rays  as  refracted  in  the  very  same  manner, 
by  the  lenses  upon  vvhich  they  fall.  Tliis, 
however,  is  not  the  case.  The  white 
light,  which  comes  from  the  sun,  or 
from  any  other  luminous  body,  is  actu- 
ally composed  or  made  up  of  seven  dif- 
ferent kinds  of  light  of  different  colours, 
vnz.,  red,  orange,  yellow, green,  blue,  in- 
digo, and  violet.  These  colours  often  ap- 
IKiar  by  them.selves,  and  the  white  light 
from  which  they  are  produced  is  decom- 

{losed,  or  separated  into  its  elements, 
ly  ditferent  processes,  which  we  shall 
presently  explain. 

That  branch  of  optics,  which  treats 
of  the  colours  of  light,  of  their  physical 
properties,  and  of  the  laws  accorduig  to 
which  white  light  is  decomposed,  and 
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rceompoMd  firom  iU'elements,  U called 
Chromatics,  from  a Greek  word,  which 
signifies  colour. 

If  we  were  required  to  decompose  a 

reenuh  grey  powder,  consisting  of  fine 

rass  filings,  and  fine  steel  filings,  we 
could  easily  do  it  by  putting  into  the 
powder  a loadstone,  which  would  in- 
stantly attract  all  the  blue  steel  filings, 
and  leave  behind  the  yellow  brass  filings, 
thus  decomposing,  as  it  were,  the  green- 
ish grey  powder  into  the  yellow  and 
blue  powders,  of  which  it  consists.  If 
tile  steel  filings  were  all  much  smaller 
than  the  brass  ones,  we  could  have  se- 
parated them  still  easier,  by  a sieve, 
whose  meshes  or  holes  would  permit  all 
the  steel  filings  to  pass,  while  they  re- 
tained tlie  brass  ones. 

The  decomposition  of  light  is  efiected 
in  many  cases,  by  processes  somewhat 
analogous.  In  the  experiments  on  the 
refraction  of  water,  which  are  described 
in  Chap.  II.,  and  illustrated  in^.  2,  we 
used  white  light,  and  we  found  its  re- 
fractive power,  which  is  represented  by 


the  line  AD,/!?.  ®.  tobe  1.338.  If  we 
now  repeat  the  same  experiment,  and 
make  the  light  wliich  passes  down  the 
tube,  red,  orange,  yellow,  green,  blue, 
indigo,  and  violet,  in  succession,  wo 
shall  find  that  each  colour  has  a diifcrent 
refractive  power  of  its  own,  that  of  the 
red  tieing  the  least,  and  that  of  the  violet 
XYiogreaiest.  The  following  will  be  the 
resulti  with  water,  crown,  and  flint  glass : 


Watbi.  Caomi  Furr  titui. 

Jadra  of  Inirx  of  Krfti  lodes  of  fWfk 


Red  .. 

..I.SSIO 

1.52.*8 

1 f277 

Orange 

1 5?  03 

I.P29T 

Yellow 

1..-529G 

1.6350 

Croon  ... 

..I.SS58 

1.5330 

1.6190 

Blue  ... 

..1.SS78 

I.5SB0 

1.618.1 

Indigo 

1.5117 

1.6603 

Violet 

..1.3443 

1.5166 

1.6711 

Hence  we  may  conclude,  that  the  rays 
of  light  of  different  colours  have  different 
degrees  of  refraction,  or,  ns  it  is  express- 
ed, different  refrangibilities. 

The  metliod  by  w hich  Sir  Isaac  New- 
ton established  tliis  great  discovery 
is  shewn  ixijig.  29. 


IToW.. 

lodi^. 

Bins... 

Cfowu. 

YbHw 

Otfi'ifO 


In  the  window  shutter  & 6 of  a dark 
room,  he  made  a hole,  F,  about  one- 
third  of  an  inch  broad,  and  he  placed 
beliind  it  a glass  prism  A B C,  so  that  the 
beam  of  the  sun's  light  S F might  enter 
and  leave  the  prism  at  equal  angles  as 
described  in  page  8,  coL  1. 

Before  the  interposition  of  the  prism, 
the  beam  S F proceeded  in  a strai)^t 
line  to  y,  where  it  formed  a round 
white  spot;  but  being  now  refracted  by 
tlie  prism,  it  will  form  upon  the  screen 
M N an  oblong  image  P T,  containing 
seven  colours,  as  enumerated  in  the 
figure,  the  red  being  least,  and  the  vio- 
let most  refracted  from  the  original  di- 
rection S Y of  the  solar  beam.  This 


oblon;^  image  is  called  the  solar,  and 
sometimes  the  prismatic  spectrum.  By 
making  a hole  in  the  screen  M N oppo- 
site any  one  of  these  colours,  so  as  to 
allow  it  alone  to  pass ; and  by  letting  the 
colour  tlius  separated  fall  upon  a second 
prism.  Sir  Isaac  found  that  the  light  of 
each  of  the  colours  was  alike  refr  angible, 
because  the  second  prism  coidd  not  sepa- 
rate them  into  an  oblong  image,  or  into 
any  other  colour.  Hence  he  called  all 
the  .seven  colours  simple  or  homogene- 
ous, in  opposition  to  white  light,  which 
he  called  compound,  or  heterogeneous. 
With  the  prism  used  by  Sir  Is.aac, 
he  found  the  lengths  of  the  colours  and 
spaces  to  be  as  follows: — Red,  43 ; 
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onnec,  i7 ; yellow, 40 ; p«n,  60 ; blue, 
60  ; indieo,  48  ; violet,  80  : or  360  in  all. 

Hut  these  spaces  vary  with  prisms  of 
different  substances,  and  as  they  are 
not  separated  by  distinct  limits,  but 
shade  p-adually  into  one  another,  it  is 
almost  impossible  to  obtain  any  thinn; 
like  an  accurate  measure  of  their  rela- 
tive extents.  This  difficulty  is  increased 
too  by  the  circumstance,  that  as  the 
spectrum  is  brightest  in  the  yellow 
space,  and  grows  fainter  and  fainter 
towards  the  red  and  the  violet  extremi- 
ties, its  length  increases  with  the  inten- 
sity of  the  light  from  which  it  is  formed. 

Having  thus  decomposed  white  light 
into  its  seven  primary  colours.  Sir  Isaac 
Newton  shewed,  that  these  seven  co- 
lours, when  again  put  together,  or  com- 
bined, recomposed  white  light.  This 
may  be  proved  rudely,  but  yet  accu- 
rately enough  for  the  purposes  of  illus- 
tration, by  mixing  together  seven  diffe- 
rent powders,  having  the  colours  and 
proportions  indicated  above ; or,  what  is 
better,  by  painting  the  rim  of  a wheel 
with  the  seven  prismatic  colours,  and 
making  it  revolve  rapidly  about  its  axis. 
In  both  these  cases  the  mixture  of  the 
colours  will  be  a sort  of  greyish  white, 
because  the  colours  employed  cannot 
possibly  lie  obtained  or  the  proper 
tints,  or  laid  on  in  the  proper  propor- 
tions. A more  accurate  proof  is  obtained 
by  making  the  prismatic  spectrum  fall 
on  a lens  or  concave  mirror,  and  thus 
bringing  the  whole  seven  colours  into  a 
focus,  which  will  be  white 

Chapter  IX.—  Chromatics  con- 
tinued. 

Diepertinn  of  Light  - Dieperiive  Pow- 
ers— Table  of  JJitpertive  Powers. 

In  the  prismatic  spectrum  P T, 
formed  liy  the  prism  ABC,  (fig.  29), 
the  green  space  G is  placed  in  the 
middle  between  P and  T ; and  hence 
it  has  been  called  the  mean  rau  of  the 
spectrum : tile  index  of  refraction, 
which  belongs  to  it,  is  called  the  mean 
refractive  power  of  the  prism  ; and  the 
angle,  which  the  green  ray  forms  with 
the  line  S Y,  the  mean  refraction  of  the 
prism. 


Although  Sir  Isaac  Newton  seems  to 
have  made  use  of  prisms  of  different  sub- 
stances, yet  it  is  strange  to  say,  that  he 
never  observed  that  they  formed  spec- 
tra, whose  lengths  PT  were  different, 
when  the  mean  refraction  of  the  green 
ray  was  the  same.  If,  for  example,  ive 
make  a prism  of  plates  of  glass,  and 
fill  it  with  oil  of  cassia,  and  adjust  its 
refracting  angle  A C B,  so  that  the  mid- 
dle of  the  spectrum,  which  it  forms, 
falls  exactly  on  the  point  G.  where  the 
green  space  is  with  tlic  glass  prism, 
then  we  shall  find,  that  the  spwtnim 
of  the  oil  of  cassia  prism  will  be  two 
or  three  times  longer  than  that  of  the 
g/a.s*  prism ; the  oil  of  cassia  is  therefore 
said  to  disperse  the  rays  of  light  more 
than  the  glass,  that  is,  to  separate  the 
extreme  red  and  violet  rays  at  T and  P 
more  from  the  mean  ray  G,  and  to  have 
a greater  dispersive  poiver. 

In  order  to  obtain  a distinct  measure 
of  the  dispersive  power  of  a body,  let 
us  suppose  that  the  prism  A B’C  is 
filled  with  water,  and  that  by  the  me- 
thods described  in  Chap.  II.  we  find  the 
index  of  refraction  for  the  extreme  vio- 
let ray  P to  be  1 .330,  and  fhat  of  the 
extreme  red  ray  T,  1.342;  then  the  dif- 
ference of  these,  or  0.012,  would  be  a 
measure  of  the  dispersive  power  of 
water,  if  it  and  all  oilier  bodies  had  the 
same  mean  refraction ; but  as  this  is 
not  the  case,  the  dispersive  power  must 
lie  measured  by  the  relation  between  the 
separation  of  the  extremes  rays  P,  T, 
and  the  mean  refraction ; or  between 
the  difference  of  the  indices  of  retraction 
for  the  extreme  red  and  the  extreme  vio- 
let, and  the  difference  between  the  Sines 
of  incidence  and  refraction,  to  which 
the  mean  refraction  is  always  propor- 
tional. 

Thus,  in  diamond,  the  difference  be- 
tween the  indices  of  the  red  and  violet 
ray  is  0.056,  nearly  five  times  greater 
than  0.012  wliich  it  is  in  tvater ; but  then 
the  difference  between  the  Sines  of  inci- 
dence and  refraction,  vis.  1.439,  is  also 
nearly  Jive  times  greater  than  0.336, 
which  it  is  in  water ; so  that  the  real 
dispersive  power  of  diamond  is  not 
much  greater  than  that  of  water.  The 
ratio  of  the  dispersive  powers  will  be 
thus  expressed 


For  Waler. . * •***-T-?  or  = 0.03SI  Dispersive  power. 

1 . S3G  — 1 0 . 336 


for  Diamond or  = 0.0398  Di>pcr«lve  power. 
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In  the  following:  Table  wc  have  (riven 
the  dispersive  powers  of  various  bodies, 
as  determined  by  Dr.  Brewster.  The 
first  column  contains  the  dispersive 
power ; and  the  second,  the  difference  of 
the  indices  of  refraction  for  the  red 
and  violet  rays,  or  the  part  of  the  whole 
refraction  to  which  the  dispersion  is 
equal.  Hence,  if  we  add  the  half  of  the 
numbers  in  tlie  last  column  to  the  index 
of  refraction,  we  shall  have  the  index  of 
refraction  for  the  extreme  violet  ray ; 
and  if  we  subtract  it,  we  shall  have  liie 
index  for  the  extreme  red  ray.  We 
may,  therefore,  obtain,  by  means  of  the 
second  column  in  the  table,  the  length 
of  the  spectra,  formed  by  prisms  of  any 
of  the  substances  it  contains,  for  any 
refracting  angle,  for  any  position  of  the 
prism,  and  for  any  distance  of  the 
screen,  upon  which  the  spectrum  is  re- 
ceived. In  doing  this,  however,  it  must 
be  recollected,  that  the  measures  here 
given  are  suited  to  the  ordinary  light 
of  the  sky ; and  that  when  the  suifs 
image  is  used,  and  when  great  care  is 
taken  to  screen  the  middle  rays  of  the 
spectrum,  the  red  and  the  violet  are 
found  to  extend  to  a greater  distance 
from  the  mean  ray. 

Table  of  Dispebsivb  Powers. 

rtfr-of 

Zndn  at 

XHtfCTki**  wtrcfW 
po««.  rEy*. 

Chromate  oflead,  pr.  refr.  ext.  0. 100  0.170 


least  refr.  0.262  0.388 

Hoalpnr,  molted 0.260  0.384 

Oil  ofCataia 0.1,39  0.089 

Sulphur, after  fusion 0.180  0.H9 

Phosphorus  0.128  0.156 

Suluhuret  of  Carbon  ....  0.115  0.077 

Balsam  of  Tolu 0.108  0.065 

Balsam  of  Peru 0.09S  0.058 

BarbaHoes Aloe*  0.085  0.058 

Oil  of  Bitter  Almonds  ....  0.079  0.048 

Oil  of  Anise  Seed*  ......  0.077  0.014 

Balsam  of  Slvrax  ...»••  ••  0.067  0.0S9 

Gutacum  0.066  0.041 

Oil  of  Cummin  0.065  O.OSS 

Oil  of  Tobacco  0.064  0.085 

Oil  of  Cloves  0.062  0.038 

Sulphate  of  I/oad 0.060  0.056 

Oil  of  Sassafras  0.069  0.089 

Muriate  of  Antimony,  re- 
fractive i»ower ....  1.598  0.050  0.086 

Resin 0.057  0.039 

Oil  of  Fennel  Seeds 0.055  0.028 

Oil  of  Spearmint 0.054  0.026 

Rock  Salt  ...  ..........  0.058  0.029 

Oil  of  Pimento 0.052  0.006 

Flint  Glass 0.0^32  0.026 

Oil  of  Angelic*  • 0.051  0.025 

Oil  of  Thyme 0.050  0.094 


pur. 

lUfr-for 

puwm.  ray*. 


Oil  of  Fenugreek 0.050  0 021 

Oil  of  Carraway  Seeds  ... . 0.049  0.024 

Flint  Glass 0.048  0.079 

Gum  Thus 0.048  0.028 

Oil  of  Juniper  0.017  0.022 

Oil  of  Brick 0.016  0.021 

NiiricAcid 0.045  0.021 

('anada  Balsam 0.045  0.021 

Cajeput  Oil  0.044  0.021 

Zircon,  gr.  refr... 0.044  0.045 

Muriatic  Acid  0.048  0.016 

Oil  of  Turpentine 0.042  0.020 

Balsam  of  Capivi 0.041  0.021 

Calc.  Spar,  gr.  refr 0.0 10  0.027 

Sulphate  of  Iron  0.039  0.019 

Diamond  0.0.38  0.056 

Oil  of  Olives 0.038  0.018 

Beryl 0.037  0.022 

Alum 0.0,36  0.017 

Castor  Oil 0.0.36  0.018 

CrownGiass,  very  green  ..  0.086  0.026 

Water 0.085  0.012 

Glass  of  Borax 0.084  0.018 

CrownGiass  0.0.38  0.018 

Oil  of  Wine  0.082  0.012 

Plate  Glass 0.082  0.017 

xSulphuric  Acid 0.031  O.OM 

Nitre,  least  refr..  . . 0.080  0 009 

Borax 0.080  O.OM 

Alcohol 0.029  0.011 

Sulphate  of  Barytes 0.029  0.011 

Tourmaline  0.028  0.019 

Rr>ck  Crystal 0.026  0.014 

Emerald 0.026  0.015 

Calcareous  Spar, least  refr.,  0.026  0.016 

Blue  Sapphire  0.026  0.021 

Bluish  Topnx 0.02.5  0.016 

Chrysobcryl  0.025  0.019 

Sulphate  of  Strontites  ,...  0.021  0.015 

Fluor  Spar 0.022  0.010 

Cryolite 0.022  0.00' 


It  is  obvious,  from  the  preceding 
results,  that  difterent  bodies  possess 
very  different  powers  of  dispersing,  or 
of  separating  the  coloured  rays  of  light. 

If  we  now  proceed  to  a more  minute 
examination  of  spectra  of  equal  lengths, 
by  two  bodies  of  very  different  dispersive 
powers,  s:uch  as  oi7  of  cassia  and  sul- 
phuric acidt  we  shall  observe  a very 
remarkable  difference  between  them. 
If  AB,  for  example,  {fig.  30.)  is  the 
spectrum,  prtxluced  by  a prism  of  oi7  of 
cassiOt  and  C D that  produced  by  a 
prism  of  sulphuric  acid,  then  we  shall 
find,  that  the  least  refrangible  colours, 
red,  orange,  and  yellow,  will  occupy 
less  spaces,  or  will  be  more  conlract^ 
in  the  oil  of  cassia  spectrum  than  in  the 
sulphuric  acid  one ; while  the  most 
refrangible  colours,  blue,  indigQ,  and 
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Fig.  30. 

A “ r 


violet,  win  occupy  larger  spaces,  or  will 
be  more  expands.  Hence  the  coloured 
spaces  have  not  the  same  taliu  to  each 
other  as  the  lengths  of  the  spectrum ; 
and  therefore  this  properly  is  called  the 
irraiionalily  of  dispersion,  or  of  the 
coloured  spaces  in  the  spcc^m.  This 
property  is  distiucUy  shewn  in  the  above 
figure,  from  which  it  will  also  appear, 
that  the  mean  ray,  m n,  is  among  the 
blue  rays  in  the  oil  of  cassia  spectrum ; 
and  amonp  the  green  rays  in  the  sul- 
phuric acta  spectrum.  , 

As  the  examination  and  measurement 
of  this  property  of  transparent  bodies  is 
very  difficult,  we  can  give  only  a list  of 
substances,  arranged  nearly  in  the  order 
into  wliich  they  contract  the  less  refran- 
pble  spaces,  and  expand  the  more  re> 
frangime  ones,  according  to  the  experi- 
ments of  Dr.  Brew  ster. 


Oil  of  Cassia 

Oil  of  Olives 

Sulphur 

(Calcareous  Spar 

Sulphuret  of  Carbon 

Rock  Salt 

)3alsam  of  Tolu 

Gum  Juniper 

Oil  of  bitter  Almonds 

Tartrate  of  Potash 

- — ■ ■ Anise  seeds 

and  Soda 

— - Sassafros 

Oil  of  Almonds 

Caowy  Glass 

seeds 

Gum  Arabic 

■ I — Cloves 

Alcohol 

Muriate  of  Antimony 

Ether 

Canada  Balsam 

Borax 

Oil  of  Turpentine 

Tourmaline 

1 1 yssop 

Beryl 

Amber 

Topaz 

Oil  of  Caraway 

Fluor  Spar 

seeds 

Citric  Acid 

- — ■ Nutmegs 

MalicAcid 

■ ' roppermiot 

Acetic  Acid 

Castor  Oil 

Muriatic  Acid 

Diamond 

Nitric  Acid 

Nitre 

Rock  Crystal 

Nut  Oil 

Ice 

Balsam  of  Capirl 

WATrn 

Fi.ikt  Glass 

Phosphoric  Acid 

Zircon 

SvLPuvRic  Acid. 

Chapter  X.  — Imperfeetions  of  the 
Itefracting  Telescope  — Acltroma/ic 
Telescope  — Dr.  Blair's  Aplanatic 
Telescopes. 

The  application  of  the  principles  ex- 
plained m the  preceding  chapter  to  the 
improvement  of  the  refracting  telescope, 
forms  one  of  the  most  interesting  por- 
tions of  optical  science.  If  we  take  a 

rism  KbG,  fig.  29,  having  the  angle 
A C = A C B,  and  formed  of  the  very 
same  substance  as  ACB;  and  if  we 
place  it  in  contact  with  A C B,  it  will 
destroy  or  correct  the  spectrum  PT,  by 
refracting  the  whole  of  the  raj's  se- 
parated by  the  prism  A B C to  the  same 
point  Y,  where,  by  their  mixtime,  they 
wUl  form  white  ught,  the  separation 
arising  from  the  refraction  and  disper- 
sion oithe  first  prism  being  exactly  com- 
pensated or  balanced  by  the  refiraction  of 
the  second  prism*.  If  the  angle  i A C 
is  less  than  ACB,  the  second  prism  will 
neither  correct  the  reflation  nor  the 
dispersion  of  tlie  first,  and  a short  spec- 
trum will  be  formed  a little  above  Y ; 
and  if  & A C is  greater  than  ACB,  tlie 
second  prism  will  more  than  correct  the 
first,  and  a short  spectrum  will  be 
formed  below  Y.  Hence  it  is  manifest, 
that  by  combining  prisms  of  the  same 
kind  of  glass  in  the  manner  shown  in 
fig.  29,  we  cannot  make  the  ray  S Y 
deviate  from  its  direction  without  pro- 
ducing tlie  prismatic  spectrum ; that 
is,  u>e  cannot  produce  rsfracHon  without 
producing  colour.  Now,  as  we  have 
already  shown  that  every  lens  acts  ex- 
actly like  a prism,  it  follows  also,  that 
we  cannot  combine  a concave  and  a 
convex  lens  of  the  same  glass  to  refract 
in  opposite  directions,  without  produ- 
cing colour : for  when  we  succeed  in 
finding  two  whicli  destroy  the  colours, 
we  sh^  find  also  that  the  refraction  is 
destroyed,  and  that  tlie  two  lenses  put 
togctlier  resemble  a watch-glass,  which 
has  not  the  property  of  a lens  at  all. 

In  tlie  same  manner  as  we  have  now 
reasoned  respecting  pn'rmr  or  lenses  of 
the  same  glass.  Sir  Isaac  Newton  rea- 
soned respecting  prisms  and  lenses  of  alt 
kinds  of  glass  and  of  all  bodies  whether 
solid  or fitid,  because  he  believed  tliatall 
boffies  whatever  had  the  same  dispersive 
power,  or  poduced  the  same  length  of 
spectrum  in  proportion  to  their  mean 
refraction.  Had  this  been  true.  Sir 

* 7*bis  ii  arident  also  from  the  coDfiideration  that 
(he  facea  A fr.  B C are  parallel,  and  (hat  the  two 
I'rtsms  are  notbinf;  more  than  a ^aaa  loaa  like  that 
ahown  at  B,  ia  j(g.  fi. 
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IsMC  wouH  have  been  correct  in  con- 
cIuUinK  that  “ /A<  improvemeni  of  the 
refracting  teleeeope  trtu  derperate." — 
(Optict,  Part  I.  Prop.  VII.  Theor.  VI.) 

Sir  Isaac,  however,  was  in  this  case 
mistaken,  and  it  was  reserved  for  our 
countryman,  John  DoUond,  to  prove,  by 
direct  experiment,  that  refraction  can 
be  produced  free  of  colour,  and  actually 
to  construct  an  achromatic*  teleeeope, 
or  a teleeeope  uithout  colour. 

We  have  already  shown  that  all 
bodies  have  different  dispersive  powers ; 
and  it  will  be  seen  from  our  Table,  that 
tlint  glaee  (the  white  frlass  of  which 
drinkinfr  glasses  are  made),  and  crown 
glaee  (the  (;lass  with  which  windows  are 
((lazej),  have  different  powers  of  pro- 
ducing colour. 


If  we  now  make  the  prism  ADC, 
fig.  89,  of  croum  glaee,  and  A i C of 
flint  glass,  and  moke  the  angle  6 A C 
such  that  it  corrects  the  colour  of  A C II, 
or  produces  a spectrum  of  exactly  the 
same  length,  then  since  the  flint  glass 
does  this  at  a much  leas  mean  refrac- 
tion than  the  crown  glass,  it  will  refract 
the  rays  from  the  prism  A C B to  a 
point  Y',  above  Y,  where  they  will  be 
all  collected  into  a circle  of  white  light. 
We  have,  therefore,  succeeded  in  re- 
fracting the  beam  S F Y into  a new 
direction,  S F Y,  without  colour. 

The  application  of  this  to  lenses  is , 
shown  in  fg.  31,  which  is  drawn  so  as 
to  admit  of  comparison  witli/^.  29.  In 
this  figure,  L L is  a convex  lens  of  crown 
glaee,  and  lie.  concave  one  of flint  glaee. 


A ray  of  the  sun,  S,  falls  at  F on  the 
convex  lens,  wliich  ivill  refill  it  exacUy 
in  the  same  manner  os  the  prism  ABC, 
whose  faces  touch  the  two  surfaces  of 
the  lens  at  the  points  where  the  ray 
enters  and  quits  it.  The  solar  ray,  S F, 
thus  refi-octed  by  the  lens  L L,  or  prism 
A B C,  would  have  formed  a spectrum 
P T on  the  wall,  had  there  been  no  other 
lens,  tlie  violet  ray  F V crossing  the 
axis  of  the  lens  at  V,  and  going  to  the 
upper  end  P of  the  spectrum,  and  the 
red  ray  F R going  to  the  lower  end  T. 
But  as  the  flint  glass  lens  1 1 or  the 

§rism  A a C which  receives  tlie  rays  F V, 
U at  the  same  points,  b interposed, 
these  rays  will  be  united  at  f,  and  form 
a small  circle  of  white  light,  tlie  ray 
S F of  the  sun  being  now  refractw 
vyitliout  colour  from  its  primitive  direc- 
tion S F Y into  the  new  direction  F /. 
In  like  manner  the  corresponding  r.ay 
S'  F'  will  lie  refracted  to  f,  and  a white 
and  colourless  image  of  the  sun  will  be 
there  formed  by  the  two  lenses. 

In  this  combination  of  lenses,  it  is 
• Fron,  two  Orcok  word*  vlticli  lisvif/  urtfSowl  ov/oer. 


evident,  that  the  spherical  aberration 
of  the  flint  lens  corrects  to  a consider- 
able degree  that  of  the  crown  one,  and, 
by  a proper  adjustment  of  the  radii  or 
the  surfaces,  it  may  be  almost  wliolly 
removed.  Tliis,  however,  is  more  per- 
fectly effected  in  the  triple  achromatic 
ohject-glaee,  which  consists  of  three 
lenses,  viz.  a concave  flint  glass  lens 
placed  between  two  convex  lenses  of 
crown  glass ; but  this  form  of  the  achro- 
matic object-glass  is  now  generally 
abandoned,  and  almost  all  the  large 
object-glasses  which  have  been  recently 
constructed  consist  of  two  lenses  only. 
In  the  treatise  on  optical  instruments, 
the  reader  will  find  the  practical  details 
respecting  achromaticobject-glasses  and 
eye-glasses. 

^^^en  we  examine  with  attention  the 
best  achromatic  telescope,  we  shall  find 
that  it  does  not  show  white  or  luminous 
objects  perfectly  free  from  colotu-,  their 
edges  being  tinged  on  one  side  with  a 
claret-coloured  fringe,  and,  on  the  other, 
with  a green  fringe.  These  uncorrected 
colours,  wliich  liave  been  called  the 
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ttconiary  tpectrum,  wise  from  the  ir ra- 
tiimulity  of  the  coloured  spaces  which 
we  have  ew)lained  in  the  preceding 
chapter.  The  achromatic  teIescoi>e, 
therefore,  requirerl  still  further  improve- 
ment, in  oivler  to  get  rid  of  these  se- 
condary colours ; and  science  is  indebted 
to  Dr.  Hlair  of  Edinburgh,  for  a most 
beautiful  method  of  accomplishing  this 
great  object.  Having  observed  that 
when  the  extreme  red  and  violet  rays 
were  perfectly  united,  the  green  were 
left  out,  or  were  the  outtlanding  rays, 
as  shown  inyfg.  31,  where  the  red  and 
violet  rays  F V,  F R are  perfectly  united 
at  /,  while  the  green  rays  are  more  re- 
fracted, and  cross  the  axis  at  g,  he  con- 
ceived the  idea  of  making  an  achromatic 
concave  lens,  which  should  refract  the 
green  less  than  tlie  united  red  and  violet, 
and  an  achromatic  convex  lens  which 
should  do  the  same ; and  as  tlie  concave 
lens  refracted  the  outstanding  green  tn 
the  axis,  while  the  concave  one  refracted 
them  from  the  axis,  it  followed,  that  by 
a combination  of  these  two  opposite 
effects,  the  green  would  be  united  with 
tlie  red  and  violet. 

Hy  means  of  two  fluid  media  and  three 
glass  lenses.  Dr.  Blair  constructed  a tele- 
scope in  which  he  could  not  discover  any 
colour  by  the  most  rigid  test 

As  this,  however,  was  a complex 
combination  of  lenses.  Dr.  Blair  still 
sought  for  some  single  fluid  which 
should  produce  the  effect  when  com- 
bined with  glass,  and  he  fortunately  dis- 
covered that  the  muriatic  acid  mixed 
with  a metallic  solution  answered  his 
purpose.  In  the  spectrum  formed  by 
this  fluid,  the  green  were  among  the 
most  refrangible  rays  as  shown  in /g. 
30 ; and  when  its  dispersion  was  cor- 
rected by  that  of  glass,  there  was  pro- 
duced an  inverted  secondary  spectrum, 
that  is,  one  in  which  the  green  was 
above,  when  it  would  have  been  tielow 
with  a common  medium.  He,  there- 
fore, placed  a concave  lens  of  muriatic 
acid  with  a metallic  solution  between 


two  lenses  of  glass,  as  shown  in /ig.  3* 
and  he  informs  us  thatwitli  this  oigect- 
glass  the  rays  of  different  colours  were 
bent  from  their  rectilineal  course  w ith 
the  same  emiality  and  regularity  as  in 
reflexion.  'ITirough  telescopes  of  this 
description,  only  12  and  15  inches  long. 
Professors  Robison  and  Playfair  saw 
double  stars  with  a d^pee  of  perfection 
which  astonished  them*. 

At  the  time  we  are  writing.  Professor 
Barlow,  of  Woolwich,  informs  us,  that 
he  has  completed  a fluid  object-glass, 
six  inches  in  diameter,  on  a principle 
different  from  Dr.  Blair’s,  and  which 
allows  him  to  reduce  the  length  of  the 
telescope  from  one-third  to  one-half, 
without  diminishing  its  focal  powerf. 

Chapter  XI. — Physical  Properties  nf 
the  Prismatic  Spectrum — Its  Heating 
Potrer — Invisible  Pays — Deoxidat- 
ing Power — Chemical  Pays — Mag- 
netising Power — Illuminating  Power 
—Lines  across  the  Sfiectrum. 

The  physical  properties  of  the  prisma 
tic  spectnim,  or,  more  accurately,  o'l 
the  simple  rays  eomposing  white  light, 
have  of  late  years  been  studied  by  the 
most  eminent  philosophers,  and  merit 
our  particular  notice. 

Heating  power  of  the  spectrum. — 
From  the  slightest  examination  of  the 
prismatic  spectrum,  formed  by  refrac- 
tion of  the  sun's  rays,  it  is  evident,  that 
the  yellow  is  the  most  luminous  of  all 
the  coloured  spaces ; and  that  tlie  degree 
of  light  diminishes  both  towards  the  red 
and  the  violet  extremities.  Hence  it  was 
naturally  supposed,  that  there  would  be 
most  heat  in  the  yellow  rays,  less  in  the 
red,  and  least  in  the  violet.  Dr.  Her- 
schel,  however,  found,  that  the  heat  in- 
creased from  the  violet  to  the  red  end  of 
the  spectrum,  the  heat  of  the  orange 
lieing  greater  than  that  of  the  yellow, 
and  the  heat  of  the  red  greater  than 
that  of  the  other  colours ; but,  upon 
placing  his  thermometer  beyond  tlie 
red  rays,  and  in  the  dork,  he  was  sur- 
prised to  observe  that  the  mercury  still 
rose ; and  upon  repeating  tliis  experi 
ment  under  a variety  of  circumstances, 
he  established  the  remarkable  fact,  that 
the  heat  was  the  greatest  at  a point  lie- 
yond  the  red  extremity  of  the  siiectnim, 
and  at  a spot  upon  which  none  of  the 
luminous  rays  at  all  fell.  Hence  he 
concluded,  that  there  were  invisible  rays 
in  the  sun's  light  which  had  the  potver 

* iht;  Kdin.  Jrmrnnl  </ &*kne<Ct  riit.  p.  S12. 

t )bid.  No.  xir.  p.  335. 
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of  product  nt;  heat,  and  tthich  had  a let) 
refrangibiliti/  than  red  light.  ThLs  re- 
sult was  eoiitirmed  by  the  experiments  of 
Sir  H.  Englefield,  and  also  by  Sir  Hum- 
phry Davy,  who  repeated  the  ex[)eri- 
munts  in  tne  rays  of  an  Italian  sun,  and 
by  means  of  thermometers  with  minute 
bidbs.  Sir  H.  Engle&eld  obtained  the 
following  results : — 

Tmparaau*. 


Blue 

Green 58 

Yellow  62 

Red 72 


Beyond  Red  ....  7d 

The  prisms,  by  which  all  these  expe- 
riments were  made,  were,  we  believe,  of 
flint  glass.  It  has  been  recently  proverl 
by  M.  Seebeck*,  that  the  heating  power 
of  the  colours  of  the  spectrum  depend 
upon  the  substance  of  which  tlie  prism 
is  made.  Titus : — 

In  Walctr  the  greatest 

heat  is  in  the Yellow. 

Sulphuric  Acldl Orange. 

Crown  or  Plate  Glass...  . Middle  of  RihI. 

Flint  Glass Beyond  the  Red. 

Deoxidating  poicer  of  the  spectrum. 
— In  the  year  1801,  the  late  Mr.  Hitter, 
of  Jena,  discovered  that  the  rays  of  the 
spectrum  had  different  chemical  proper 
ties  which  resided  in  the  violet  end  of 
the  spectrum,  and  existed  even  beyond 
the  violet  light.  Muriate  of  silver,  for 
example,  became  black  beyond  tlie  vio- 
let rays ; a little  less  black  in  the  violet ; 
and  still  less  in  the  blue.  Dr.Wollastnn 
made  the  same  discovery  about  the  same 
time.  In  repeating  these  experiments, 
Dr.  Seelieck  found,  that  the  colour  of 
muriate  of  silver  varied  with  the  coloured 
spaces  in  which  it  was  placed.  In  and 
beyond  the  violet,  it  was  reddish  broivn  ; 
in  the  blue,  it  was  blue  or  bluish  grey; 
in  tlie  yellow,  it  was  unchanged  wliite. 


or  faintly  tinged  with  yellow ; and  in  the 
red,  it  was  red.  With  prisms  of  flint 
glass  the  muriate  of  silver  also  became 
red  at  a spot  entirely  beyond  the  red. 

Magnetising  power  if  the  solar  rays. 
— Nearly  20  years  ago.  Dr.  Morichini,  of 
Rome,  found  tliat  the  violet  rays  of  the 
spectrum  had  the  property  of  communi- 
cating ra^ietism ; but  Uils  result  was 
involved  in  doubt,  and  by  many  philo- 
sophers entirely  discredited,  till  it  was 
established  by  some  recent  experiments 
by  Mrs.  Somerville.  Having  covereil 
half  of  a sewing  needle,  about  an  inch 
long,  with  paper,  she  exposed  the  other 
half  for  two  hours  to  the  violet  rays. 
The  needle  had  then  acquired  north  po- 
larity. The  indigo  rays  produced  nearly 
the  same  effect ; and  the  blue  and  green 
rays  produced  it  in  a sfill  less  degree. 
In  the  yellow,  orange,  red,  and  invisible 
rays,  no  magnetic  influence  was  exhi- 
biteil,  even  though  the  experiment  was 
continued  for  tlucc  successive  days. 
The  same  effects  were  produced  by  in- 
closing tlie  needle  in  blue  or  green 
glass,  or  wrapping  it  in  blue  and  green 
rilibands,  one  half  of  the  needle  being 
always  covered  with  paper. 

Illuminating  power  of  the  spectrum. 
— Dr.  Herschel  has  represented,  by  a 
curve,  the  gradual  shading  off  of  the  light 
from  the  yellow  space  to  the  red  and 
violet  extremities  of  the  spectrum.  A 
series  of  experiments  on  this  subjeet 
were  made  with  great  care  by  the  late 
M.  Fraunhofer  of  Munich,  and  the 
results  of  them  are  exliibited  in  Jig.  33. 

In  this  figure  A I Q P represents  tlie 

Srismatic  spectrum,  and  the  lines  A !, 

1 2,  See  , boundeii  by  the  curve  line  I, 
2, 3,  4,  5,  Sec.,  represent  the  degree  of 
light  at  tile  points  A,  B,  C,  D,  &c.  of 
the  spectrum.  In  numfiers  they  are  as 
follow,  the  intensity  of  tlie  light  of  the 
brightest  point  being  I . 


• SfC  tK«  Rdin^ttrgh  Jormal  of  Reiettre,  No.  I.  p.35A. 

4 M.  Waoch  fottoJ  ihki  la  ulcuhol  nrnl  oil  of  tar]it>nUaf  (h«  i^rMiteat  heal  was  io  Ihc  yellow, 
i Aim!  also  io  solatioaa  of  soi-oaomoaioc  aad  corrosiye  sobUoiate. 
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The  light  at  A or  the  line  A 1 is  0.000 


I) U2 ...  o.osa 

C CS..  0.024 

D I>4  . . 0.C4 

M M N..  I 00 

E E5..  0.48 

F FG..  0.17 

G GT..  n.osi 

H II 8 ..  0.0056 

I 19  . . 0.000 


M.  Fraunhofer  found  that  D M was 
nearly  i or  J of  D E ; and  hence  the 
most  luminous  rays  of  the  spectrum 
formed  by  the  finest  prisms,  and  when 
all  other  light  is  excluded,  in  place  of 
being  situated  in  the  middle  of  the 
spectrum,  are  nearer  the  red  than  the 
violet  end,  in  the  proportion  of  I to  4.  It 
appears,  tdso,  that  the  mean  refitingible 


ray  lies  between  the  blue  and  the  indigo 
spaces. 

Line$  acroM  the  spectrum. — One  of 
the  most  curious  discoveries  of  modern 
times  is  that  of  Fraunhofer,  that  the 
spectrum  is  covered  with  dark  end  co- 
loured lines  parallel  to  one  anoUier,  and 
perpendicular  to  the  length  of  the  spec- 
trum. In  order  to  observe  these  lines, 
it  is  neeetaaty  to  use  prisms  perfectly 
free  from  veins,  to  exclude  all  extrane 
ous  light,  and  even  to  stop  Uiose  rays 
wliich  fonn  the  coloured  spaces  which 
we  are  not  examining.  It  is  necessary 
also  to  use  a telescope,  and  the  light 
must  enter  and  emerge  from  tlic  prism 
at  equal  angles.  In  this  way  the  follow- 
lines  will  seen. 


At  A a well-defined  dark  line  within  the  red  space 1 

At  a a mass  of  7 or  8,  forming  together  a dark  band 8 

At  B there  is  a tliick  and  distinct  one,  and  one  fainter  2 

Between  B and  C,  the  one  at  C being  broad  and  black  ....... . 9 

Between  C and  D .SO 

At  U two  nearly  of  the  same  size,  separated  by  a bright  one  . . 2 

Between  D and  E there  are  of  different  sizes 84 

7'he  line  at  E consists  of  several, the  middle  one  being  strongest. 

Between  E and  b 24 

At  6 three  very  strong  lines,  with  a fine  clear  one  octween  two. . 8 

Between  b and  F,  F being  very  strong 52 

Between  F andG 185 

Between  G and  H,  many  being  accumulated  at  G 190 

In  all  tlicy  amount  to. . 590 


Tbc  largest  lines  occopy  n space  of  5"  to  10^  We  have  inserted  only  a few  in  the  figure. 


One  of  the  most  important  practical 
results  of  this  curious  discovery  of  M. 
Fraunhofer  is,  that  these  lines  are  fixed 
points  m the  spectrum,  or  rather,  that 
they  have  always  the  same  position  in 
the  coloured  spaces  in  which  they  are 
found.  In  fiint  glass,  for  example,  the 
distance  B C (Jig.  33.)  is  greater  than 
B C in  crown  glass,  because  the  disper- 
sion of  the  former  is  greater  than  the 
latter.  The  index  of  refraction,  there- 
fore, for  each  coloured  ray,  may  be 
accurately  determined  by  means  of 
these  lines.  Fraunhofer  has  done  it  for 

BCD 

FlinlGlass..  1.627749  1.629681  1.6S50S6 
Crown  Clasi  1.52.5832  1.526849  1.529587 
Water I.3S09S5  1.331712  1.333577 

OilofTur-1  i.,70igG  1.471580  1.471131 
pcntinc  3 


several  substances,  the  most  important 
of  which  are  Jiint  glass,  crown  glass, 
icater,  and  oil  of  turpentine.  The 
angle  of  the  flint  glass  prism  was  26^’ 
24^30",  and  its  specific  gravity  3.723. 
The  angle  of  the  crown  glass  prism  w as 
39°  2o”  35",  and  its  specific  gravity 
2.535.  The  angle  of  tlie  other  pri.snis 
was  58°  5'  40";  and  the  specific  gra- 
vity of  the  oil  of  turpentine  was  0.685. 

1 he  following  were  the  indices  of  refrac- 
tion for  the  lines  B,C,  D,  E,  F,G,  H,in  fg. 
33,  corresponding  w illi  the  red,  orange, 
yellow,  green,  blue,  indigo,  and  violet. 

E F OH 

1.642021  1.64826  1.660285  1.671062 

1. .533005  1.536052  1.541057  1.516566 
1.335831  1.337818  1.311293  1.3III77 

1.478353  I.4817S6  1.488198  I.193S74 


From  these  numbers  M.  Fraunhofer  powers  of  the  differently  coloured  rays 
has  computed  the  following  numbers,  m several  combinations  of  the  above 
which  aie  the  ratios  of  tlie  di.spcrsive  refracting  substances. 
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Flint  G la&B  and  alcr  

S.S71 

8.073 

3.193 

3.1C0 

8.726 

Flint  Glnfis  and  Croun  GI&6» 

. 1.900 

1.956 

9.011 

2.017 

2.H5 

2.195 

Crown  Gloss  ondWalor 

1.819 

1.408 

1.008 

1.560 

1.613 

1.697 

Oil  of  Turiientim*  and  Wnicr  . . . 

J..871 

1.557 

1.728 

1.782 

1.860 

1.963 

Flint  Glusti  ucd  Oil  of  Tur|>enlino 

1.868 

1.814 

1.783 

1.813 

1.861 

1.899 
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In  flint  and  naier,  for  example, 
the  ratio  of  ttie  dispersion  for  the  rays 
U,  C,  or  for  the  space  B C,  which  they 
hound,  is  as  1 to  2.5G2.  This  is  found 
by  dividinc  the  differences  of  the  indices 
of  retraction  for  B and  C,  in  flint  glass, 
by  the  differences  of  the  same  indices 
for  water,  as  given  in  fhe  preceding 
table. 

Chaptkr  XII. — Ir^exion  orDiffraction 
nf  Li^ht — Law  of  Interference — 
l-engl/u  nf  a tVat'e  nf  Light  of  diffe- 
rent coloure — Practical  contequencet. 
Although  the  subject  of  fhe  inflexion 
!uid  the  interference  of  the  rays  of  light 
is  of  a somewhat  abstruse  nature ; yet 
it  will  not  be  difficult  to  convey  to  Ilia 
reader  some  distinct,  though  general  no- 
tions of  these  curious  properties  of  ligfit. 

I f we  make  a hole  in  a window  shut- 
ter l-40tli  part  of  an  inch  in  diameter, 
or,  what  is  better,  if  we  fix  in  the  win- 
dow shutter  of  a dark  room  a small 
convex  lens,  of  a short  focus,  we  shall 
obtain  a beam  of  divergent  light.  If  we 
place  bodies  of  any  kind  in  this  light, 
and  attentively  examine  their  shadow  s, 
we  .shall  find  that,  on  both  sides  of  the 
shadow,  there  are  fringes  of  coloured 
light,  the  colours  being  ns  follows, 
reckoning  from  fhe  sliailow 

First  fringe  ; violet,  indigo,  pale  blue, 
green,  yellow,  red. 

Second  hinge ; blue,  yellow,  i'ed. 
Third  fringe ; pule  blue,  pale  yellow, 
red. 

The  distances  of  tliese  fringes,  as  well 
as  their  inten  als,  varied  as  tiie  num- 
bers, 1,  s/4i  \/i.  VIi  Sec. 

When  homogeneous  coloured  light 
was  used,  the  fringes  were  of  the  colour 
of  the  light  in  wnich  thw  were  held, 
and  their  intervals  black.  Tliosc  formed 
in  red  light  were  the  large.st ; those 
formed  in  violet  the  least,  and  those 
formed  in  the  green  of  a middle  size : 
the  above  fi'inges  are  called  the  external 
fringes. — See  Newton's  Optics,  B.  III. 
Part  1. 

If  we  now  examine  the  sliadow  of  the 
body  which  causes  tliose  fringes,  we 
shall  find,  as  w as  first  shown  by  Ma- 
raldi,  that  the  shadow  is  divided  l)y 
parallel  fringes,  wliich  vary  in  number 
and  in  breadth  according  to  the  dis- 
tance from  tlie  body  that  the  shallow  is 
examined.  These  fringes  are  called  the 
internal  fringes.  The  external  and  the 
internal  fringes  ate  shown  in  fg.  34, 
where  A B C D is  the  shadow,  and  1,  2, 
3,  the  external  fringes. 

As  the  phenemtna  now  described 


Fig.  34. 


must  depend  on  liglif,  bent,  somehow  or 
other,  mto  and  towards  tlie  shadow 
A B C D,  the  name  inflexion  has  been 
employed  to  distinguish  them,  from  a 
Latin  word  signifying  a bending.  The 
name  diffraction  nas  also  been  applied 
to  them. 

In  studying  the  phenomena  of  inflex- 
ion, Dr.  "V^oung  found  that  if  an  opaque 
screen  was  placed  either  a few  inches 
before,  or  a few  inches  behind,  one  side 
of  the  inflecting  body,  whose  shadow  is 
A B CD,  so  as  to  intercept  all  the  light 
on  that  side  by  receiving  the  edge  of  its 
shadow  B D,  then  all  the  fringes  in  tho 
shadow  A B C D instantly  disappeared, 
altliough  the  light  passed  by  the  other 
edge  of  the  body  corresponding  with 
A G as  before.  Dr.  'Young  found  that 
this  disappearance  was  not  owing  to 
any  diminution  of  the  light,  and  hence 
he  concluded  that  the  fringes  in  the 
shadow  A B C D were  occasioned  by  the 
interference  of  the  rays  bent  into  the 
shadow  at  one  side  of  the.  body  with  the 
rays  bent  into  the  shadow  on  the  other 
side.  Both  Dr.  Young  and  M.  Fresnel 
ascribed  tlie  external  fringes  to  the  in- 
terference of  the  direct  rays  which 
assed  at  a little  distance  from  the  in- 
ecting  body  with  rays  w hich  they  sup- 
posed might  be  reflected  from  tlie  mar- 

fin  of  the  inflecting  body ; but  M. 

resnel  has  since  proved  that  this  can- 
not be  the  case,  and  lie  has,  therefore, 
been  under  the  necessity  of  supposing 
that  the  rays  which  pass  at  a sensible 
distance  from  tlie  inflecting  body  deviate 
from  their  primitive  direction,  and  con- 
cur also  in  the  production  of  the  ex. 
teiiial  fringes. 

M.  Arago  has  made  some  important 
discoveries  on  the  effects  of  transparent 
screens  upon  the  coloured  fringes.  He 
found  that  such  a screen  had  the  same 
effect  as  the  opaque  screen  used  by  Dr. 
Young,  and  that  very  thin  transparent 
sci'ccns  transferred  the  fringes  from  the 
side  where  they  are  formed.  This  result 
has  very  important  applications,  which 
our  limits  wul  not  allow  us  to  notice. 

The  law  of  interference  deducetl  from 
Dr.  Young's  cxpeiiment  may  be  thus 
explained.  Let  us  suppose  two  minute 
[.'cncils  of  light  radiating  front  two  points 
close  to  another,  to  fail  upon  the  same 
spot  of  a piece  of  paper,  in  which  case 
they  may  be  said  to  iaterfere  with  one 
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another  (for  if  the  paper  were  removed 
they  would  cross  one  another  at  that 
point).  Then  if  the  lengthe  of  their 
jhithe  (or  the  distances  between  the 
paper  and  the  two  radiant  points)  are 
the  same,  they  will  form  a bright  spot  or 
fringe  of  light,  having  an  intensity 
greater  than  that  which  would  have 
l)cen  produced  bv  eitlier  imition  alone. 
N ow  it  is  found  that  when  there  is  a 
certain  difference  between  tlie  lengtlis 
of  their  paths,  a bright  fringe  is  pro- 
duced exactly  similar  to  what  is  pro- 
dueed  when  their  lengths  are  equal.  Let 
us  represent  this  difference  by  the  letter 
d,  then  similar  bright  spots  or  fringes 
will  l)c  formed  w hen  the  differences  in 
the  lengtlis  of  the  paths  are  2 d,  3 d,  4 d, 
5 d.  See.  But,  what  is  very  remarkable. 


it  is  clearly  proved  that  if  the  pencils  of 
light  interfere  at  intermediate  points,  or 
at  those  points  in  their  paths  when  the 
differences  in  the  lengths  of  the  paths 
are  ) d,  1 i d,  24  d,  3|  d,  tlien,  instead  of 
adding  to  one  another's  intensity,  the 
two  jiencils  of  light  destroy  each  oUiei', 
and  produce  a black  spot  or  fringe. 

This  curious  property  of  light  has  a 
striking  analog  with  the  beating  of  two 
musicu  sounds  nearly  in  unison  with 
each  other,  the  beats  corresponding  to 
tlie  luminous  spots  or  fringes,  and  the 
cessations  of  sound  betw  een  tlie  beats, 
to  the  black  spots  or  fringes. 

M.  Fraunhofer  has  found  the  follow- 
ing to  Ix!  the  values  of  d for  the  different 
colours  of  the  spectrum.  The  measures 
are  in  decimals  of  an  English  inch. 


C«tow.  14nM  tn  of  d,  or  Brotdiht  of  • \>'arc  of 

Inch. 

Bed  C O.OOOOSS89 

Grange  yellow 1)  O.UOOOS319 

Green E 0.00002U7S 

Blue  F 0.00001912 

Indigo  G 0.0000IB92 

Violet U 0.00001572 


In  the  theory  which  supposes  light  to 
consist  in  the  vibrations  or  undulations 
of  a highly  clastic  medium,  and  which  is 
now  siqiportcd  by  many  arguments,  the 
quantity  d,  or  the  ififfcrence  in  the 
lengths  of  the  paths,  at  which  the  inter- 
fering pencils  of  light  either  destroy 
one  another,  or  unite  their  effects,  that 
is,  at  which  they  produce  the  black  and 
light  fringes,  is  also  the  breadth  of  an 
undulation  or  a leave  of  light. 

Those  w ho  do  not  adopt  the  system 
of  undulations,  must,  as  M.  FVaun- 
hefer*  has  remarked,  admit  that  the 
quantity  represented  byd  is  a real,  abso- 
lute magnitude.  Whatever  meaning  is 
attached  to  it,  it  necessarily  follows, 
that  one  half  of  it  in  reference  to  the 
effect  is  opposed  to  the  other  half,  so 
that  if  the  anterior  half  combines  ac- 
curately witlithe  posterior  half,  or  inter- 
feres with  it  in  this  manner  under  a 
small  angle,  the  effect  of  each  is  de- 
stroyed, whereas  that  effect  is  doubled 
if  two  anterior,  or  two  posterior  halves 
combine,  or  interfere  in  the  same  man- 
irer.  From  this  dcteimination  of  the 
i|uantity  d some  important  practical 
results  may  be  derived. 

1.  With  respect  to  the  influence  of  the 
inequalities  of  polished  surfaces  in 
refracting  and  reflecting  %ht. 

2.  With  respect  to  the  limits  of  micro- 
scopic vision ; and 

3.  With  respect  to  the  colours  which  are 
most  suitable  for  delicate  observ  ations. 


1.  When  we  consider  how  glass  is 
wound  and  polished,  its  surface  cannot 
be  mathematically  correct;  but  as  long 
as  the  inequalities,  in  reference  to  their 
distance  from  each  other,  are  less  than 
the  magnitude  d,  they  will  not  be  detri- 
mental either  to  the  light  which  is  trans- 
mitted, or  to  that  vvhich  is  reflected, 
and  no  colours  of  any  kind  can  be  pro- 
duced by  them.  It  would  likewise  be 
impossible  by  any  means  to  render  in- 
equalities of  such  a size  visible. 

2.  Hence,  we  may  deduce  the  smallest 
magnitude  which  can  be  rendered  vi- 
sible by  a microscope.  For  if  any  ob- 
ject whose  diameter  is  d,  consists  of  two 
parts,  it  cannot  be  recognised  as  consist- 
ing of  more  than  two  parts.  In  red  light, 
therefore,  the  limit  of  microscopic  vision 
is  the  thirteen-millionth  part  of  an  Eng- 
lish inch,  and  in  violet  light  the  eight- 
milHonth  part  of  an  English  inch. 

3.  From  these  considerations,  it  fol- 
lows, that  since  the  quantity  d is  greater 
in  red  light  than  in  any  other,  the  im- 
perfections of  refracting  and  reflecting 
surfaces  will  have  less  effect  in  injuring 
vision  when  it  is  performed  by  red  light, 
than  when  it  is  done  by  any  other  rays 
of  the  spectrum.  On  the  other  hand, 
if  these  imperfections  are  made  less 
than  d by  skilful  workmanship,  a close 
double  star,  which  could  not  be  seen  in 
red  light,  might  be  rendered  visible  in 
violet  light,  provided  always  that  there 
be  110  want  of  light. 
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Craptik  XIII.—  Colow't  nf  Thin 

Plata — Solids — Fluids— Air — New- 
ton's Table  of  the  Colours  of  Thin 

Plates — Theories  of  the  Phenomena. 
Etkry  person  must  haye  observed  that 
the  light  reflected  from,  and  transmitted 
through,  transparent  and  colourless 
bodies,  such  as  flint  glass,  and  water, 
&c.,  is  always  white,  provided  that  in 
the  case  of  the  transmitted  light  the 
two  surfaces  of  the  body  are  parallel. 
This  is  tnie  for  all  the  different  thick- 
nesses of  these  bodies  which  we  are  in 
the  habit  of  observing,  but  if  we  di- 
minish their  thickness  more  and  more, 
we  shall  at  last  arrive  at  a thickness 
where  Imth  the  reflected  and  the  trans- 
mitted light  becomes  coloured. 

In  solid  bodies,  such  as  glass,  this  is 
not  easily  accomplished,  but  in  mica,  a 
thin  platy  mineral,  it  is  easily  effected. 
If  we  stick  one  side  of  a piece  of  mica 
to  sealing  wax,  and  again  tear  it  away 
with  a jerk,  we  shall  find  some  very 
thin  films  left  on  the  wax,  some  of 
which  will  reflect  a brilliant  red,  others 
a brilliant  yellow,  and  others  a bright 
blue.  We  may  accomplish  the  same 
object,  perhaps  better,  by  taking  the 
thinnest  film  that  can  be  split  from 
gypsum,  or  sulphate  of  lime,  and  im- 
mersing it  in  a vessel  of  water.  The 
water  will  dissolve  the  sulphate  of  lime 
most  at  the  edge,  so  that  we  shall  have 
the  film  shading  off'  in  thickness  to  the 
finest  edge.  At  this  edge  will  be  seen 
fringes  of  colour  corresponding  to  the 
different  thicknesses  of  the  film.  If  the 
film  could  be  made  thin  enough,  we 
should  arrive  at  a point  when  it  would 
cease  to  reflect  any  light,  and  when  the 
whole  light  which  fell  upon  it  would  be 
transmitted.  This  has  never  been  done 
artificially  in  solid  bodies,  and  probably 
never  will  be. 

Accident,  however,  on  one  occasion 
accomplished  what  was  beyond  the 
reach  of  skill,  and  exhibited,  perhaps, 
the  most  curious  optical  fact  that  has 
ever  been  witness^.  A crystal  of 
quartz,  about  21  inches  in  diameter, 
having  been  broken  in  two,  the  faces  of 
the  fracture  appeared  absolutely  black, 
like  black  velvet.  This  was  ascribed 
by  those  who  saw  it,  to  a thin  film  of 
minutely  divided  opaque  matter  which 
had  insinuated  itself  at  a crack  in  the 
stone.  Upon  examining  it,  however,  by 
various  optical  methods.  Dr.  Brewster 
found  that  the  blackness  was  owing  to 
a fine  down  of  quartz,  the  diameter  of 
the  fibres  of  which  teas  to  minufe,  Mof 


they  tcere  incapable  of  re/tecting  light. 
The  diameter  of  these  dehcate  fibres,  as 
will  be  afterwards  seen,  could  not  ex- 
ceed the  one-third  of  the  one-millionth 
part  of  an  inch.*  This  remarkable 
specimen  belongs  to  the  cabinet  of  her 
Grace  the  Duchess  of  Gordon. 

In  fluid  bodies  it  is  much  more  easy 
to  observe  the  colours  produced  when 
their  thickness  is  greatly  reduced.  If 
we  blow  a soap  bubble,  and  cover  it 
with  a clear  glass,  we  shall  observe  a 
great  many  eoncentric  coloured  rings 
round  the  top  of  it.  As  the  bubble 
grows  thinner,  the  rings  grow  wider,  and 
at  last,  before  the  buoble  bursts,  there 
will  be  seen  at  the  top  of  it  a smaiU 
round  black  spot,  which  will  expand 
itself  to  j or  Jths  of  an  inch.  Tlie  same 
phenomena  may  be  seen  at  the  mouths 
of  bottles  containing  oil  of  turpentine, 
alcohol,  and  many  of  the  essential 
oils,  where  it  is  easy  to  form  a film  of 
the  fluid,  in  which  the  colours  will  be 
seen  to  great  advantage.  The  experi- 
ment may  be  still  more  easily  made  by 
putting  a thin  film  of  any  evaporable 
fluid  upon  a clean  plate  of  glass,  and 
observing  the  colours  at  the  edges  of  the 
film,  and  just  before  it  is  dried  up. 

The  colours  of  thin  films  have  been 
chiefly  studied  when  formed  by  thin 
plates  of  air.  In  order  to  exhibit  them 
distinctly, two  convex  lenses,  A B,  CD, 
of  long  focal  lengths,  are  placed  the  one 
above  the  other,  so  as  to  touch  at  their 
summits.  Three pairof screws, p,  p,p,are 
used,  to  keep  the 
Jo  lenses  together, 

and  to  produce  a 
JN  regular  pressure  at 
ju  the  point  where  the 
J lenses  touch  each 

other.  Sir  Isaac 
^ Newton  used  a 
plano-convex  lens,  the  radius  of  whose 
convex  surface  was  28  feet,  and  a double 
convex  one,  the  radius  of  each  of  whose 
surfaces  was  50  feet.  The  first  was 
placed,  like  C D.with  its  plane  side  down- 
wards. and  the  other,  A B,  was  placed 
above  it.  By  pressing  the  lenses  together 
there  appeared  round  the  point  of 
contact  a regular  system  of  circular 
coloured  rings  or  spectra,  having  a black 
spot  in  the  centre,  each  spectrum,  or 
order  of  colours,  consisting  of  fewer 
colours  as  they  receded  from  the  centre. 

Upon  examining  the  light  transmit- 
ted through  the  lenses.  Sir  Isaac  ob- 
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srrved  another  system  of  circular  co- 
loured rin^,  in  which  the  colours  were 
uite  different  from  those  seen  by  re- 
exion. The  central  spot,  for  example, 
was  white,  and  the  colour  transmitted 
at  any  point  was  always  the  colour 
which,  when  combined  with  the  colour 
reflected  at  that  point,  made  white  light. 


The  form  of  half  of  the  system  of 
coloured  rings  is  shown  in  fig.  3S,  and 
the  letters  in  the  following  table  will 
point  out  the  colours  at  any  part  of 
the  system.  The  relation  of  the  re- 
flected and  the  trantmilled  rays  will  be 
understood  fi'om  the  following  diagram 
on  the  left-hand  column,  in  which  A h 


and  C D represent  the  surfaces  of  tlie 
lenses  which  touch  at  E.  Tlie  names  of 
the  colours  engraved  on  the  left  hand 
of  the  line  A B,  arc  those  seen  by  re- 
flexion, and  those  engraved  on  tlie  right 
hand  of  the  line  C D,  are  tliose  seen  by 
transmission. 

The  following  table  contains  all  the 
results  of  Sir  Isaac  Newton's  exjieri- 
nienls,  and,  if  compared  with  figt.  .36 
and  37,  it  will  give  the  reader  the  most 
complete  information  respecting  the 
colours  of  thin  plates.  Some  of  the 
leailing  results  in  it  may  be  thus  stated : 

1 . Air — at  and  below  a thickness  of 

heUf  a millionth  of  an  inch  ceasea 
to  reflect  light. — At  and  above 
a thickness  of  eeventy-two  mil- 
lionths of  an  inch  it  reflects  white, 
or  all  the  rays  of  the  sjieclrum. 
Between  these  two  limits  it  re- 
flects the  various  orders  of  co- 
lours contained  in  the  table. 

2.  ffater — at  and  below  a thickness 

of  three-eighths  of  a millionth 
of  an  inch  ceases  to  reflect  light. 
— At  and  above  fifty-eight  mil- 
lionths of  an  inch  it  reflects 
white,  and  between  these  two 
limits  it  reflects  the  orders  of 
colours  contained  in  the  table. 

3.  Glass — at  and  below  a thicknes* 

of  one-third  of  a millionth  of  an 
inch  ceases  to  reflect  light. — .\t 
and  above  a tliickness  of  fifty 
millionths  of  an  inch  it  reflects 
white,  and  between  these  limits 
it  reflects  the  orders  of  colours 
contained  in  the  table. 
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1 Sir  Isaac  Newions  Table  of  ike  Colours  of  thsu  Platts  ofJir,  FFa/er, 

and  Class,  I 

I Csicmn  prodttOid  ai  lAe  thlekncwi  to  ilu«e  laM 

J Uol  Brant. 

R«0«c|a4. 

Trananltud. 

Air. 

H'aur 

OUm. 

Very  Black 

i 

i 

a 

Black 

While 

1 

1 

11 

F^irst  Spectrum 

Beginning  of  Black 

9 

11 

or  Order  of  Co- 

b 

Blue 

Yellowish  Red 

>1 

>11 

lours. 

e 

While 

Klack 

*1 

51 

*1 

d 

Yellow 

Violet 

71 

51 

■>! 

Orange 

8 

6 

“ti 

e 

Red 

Blue 

9 

«s 

5} 

f 

Violet 

White 

"1 

5| 

71 

Indigo 

I2| 

8} 

Seco?4D  Spectrum, 

9 

Blue 

Yellow 
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65 
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71 
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Reddish  White 

71 

57} 
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Tlic  colours  in  the  preceding  table 
are  those  seen  when  the  light  is  reflected 
and  transmitted  perpendicularly ; but  as 
the  incident  ray  deviates  from  the  per- 
pendicular the  lines  increase  in  size, 
the  same  colour  requiring  a greater 
thickness  to  produce  it.  lienee,  the 
colour  of  any  fllin  will  descend  in  the 
scale  to  one  of  a lower  order,  when  we 
view  the  plate  which  produces  it  more 
and  more  obliquely.  When  the  thin 
plate  is  rarer  than  the  ambient  medium. 
It  will  reflect  at  differently  oblique  inci- 
dences all  sorts  of  colours ; whereas  if  it 
is  much  denser,  the  colours  are  but  little 
changed  by  a variation  of  obliquity. 

No  explanation,  entirely  fiW  from 
objections,  has  yet  been  given  of  the 
colours  of  thin  plates.  Sir  Isaac  New- 
ton supposed  that  every  ray  of  light  in 


passing  through  any  refracting  surface 
IS  put  into  a certain  transient  condition 
or  state,  which  in  the  progress  of  the 
ray  returns  at  equal  interv^s,  and  dis- 
poses the  ray  at  every  return  to  be 
easily  transmitted  through  the  next  re- 
fracting surface,  and  between  the  returns 
to  be  easily  reflected  by  it  By  means 
of  this  principle  Sir  Isaac  has  given  an 
explanation  of  most  of  the  phenomena ; 
but,  as  it  is  entirely  hypothetical,  and  is 
besides  of  a complex  nature,  we  shall 
content  ourselves  with  having  merely 
announced  it. 

In  the  undulatory  theory  of  light  the 
colours  of  thin  plates  are  supposed  to 
arise  from  the  interference  of  the  light 
reflected  from  the  tecond  surface  of  the 
plate  with  the  light  reflected  from  the 
Jirtt  surface.  This  explanation,  which 
D 3 
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plates  of  parallel  class  cut  out  of  the 
same  piece.  Let  the  distance  of  their 
nearcrt  surfaces  be  about ^’^th  of  an  inch; 
and  the  eye  being  placed  behind  them 
at  V,  let  the  observer  look  through  them 
in  the  direction  V R at  a candle,  or, 
what  is  better,  at  a circular  disk  of 
light  subtending  an  angle  of  2'  or  3°. 
This  circular  disk  will  be  seen  single ; 
remove  entirely  the  reflective  power  of  but,  if  one  of  the  plates  be  gently  in- 
that  part  of  the  surface,  and  the  part  of  dined  to  the  other,  as  shown  in  the 


procally  as  the  square  roots  of  the  thick- 
ness ot  the  mirror.  If  we  rub  off  the 
quicksilver  from  the  back  of  the  mirror, 
the  rings  become  fainter,  without  al- 
tering their  magnitude ; and  if  we 
place  a large  drop  of  oil  of  turpentine 
on  the  back  of  the  mirror  deprived  of 
its  silvering,  or  any  other  oil  of  the  same 
refractive  power  as  the  glass,  we  shall 
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fipm,  till  one  or  more  of  the  reflected 
imac^s  are  distinctly  separated  from  the 
brieht  image  seen  by  transmitted  light 
in  the  direction  R V,  the  reflected  image 
will  be  crossed  with  about  15  or  16 
beautiful  parallel  fringes.  The  central 
fringes  and  the  external  ones  on  each 
side,  have  the  same  relation  to  each 
other  as  those  formed  by  thin  plates. 
The  direction  of  the  fringes  is  parallel 
to  the  common  section  of  the  reflecting 
surfaces ; and  Dr.  Brewster  determined 
by  a series  of  experiments,  that  their 
production  depend  upon  the  action  of 
all  the  four  surfaces  of  the  plate  of 
glass,  and  that  their  magnitude  ts  in- 
versely as  the  thickness  of  the  plates  that 
produce,  them  at  a given  inclination. 

These  results  are  explicable  by  the 
law  of  interference,  the  effect  of  the  in- 
clination of  the  plates  being,  as  Dr. 
Young  has  shown,  to  reduce  the  vertical 
thickness  of  the  plate  in  the  ratio  of  the 
cosine.  See  Edinburgh  Transactions, 
▼ol.  vii.  p.  4.35 — 444. 

Colours  of  Double  Plates  of  Unequal 
thickness.  — In  using  a sextant,  Mr. 
Nicholson  obsen'ed  colours  on  the 
glasses  employed  for  the  sights,  and  he 
regarded  them  as  analogous  to  those 
of  thin  plates.  Dr.  Young  considered 
them  as  arising  from  a slight  difference 
in  the  thickness  of  the  two  plates,  and 
as  the  same  that  would  be  produced 
by  a single  plate  whose  thickness  is 
equal  to  the  tfiffcrence  of  the  thickness 
of  the  plates. 

Chaptrr  XV. — Colours  of  Minute 

Particles  and  Fibres — Eriometer. 

If  we  look  at  the  sun,  or  a candle, 
through  a plate  of  glass  upon  which 
we  have  gently  breathed,  or  over  which 
we  have  scattered  particles  of  dust,  or 
of  any  fine  powder,  we  shall  observe  it 
surrounded  with  rings  of  colours.  By 
using  the  seed  of  the  Lycopodium,  or 
by  placing  a drop  of  blood  diluted  with 
water  between  two  pieces  of  glass,  the 
rings  of  colour  wul  be  finely  exhi- 
bit^. Round  the  luminous  bcaly  there 
is  seen  a light  area,  terminating  in  a 
reddish  dark  maigin ; this  is  succeeded 
by  a ring  of  bluish  green,  and  then  by 
a red  ring, — these  two  last  colours  suc- 
ceeding each  other  several  times  when  the 
particles  are  of  an  uniform  diameter. 

As  the  diameter  of  the  rings  thus 
produced  increases  when  the  particles 
or  fibres  become  smaller.  Dr.  Young 
proposed  to  measure  the  diameters  of 
such  minute  bodies,  hy  determining  the 


size  of  the  rings  which  they  produced 
For  this  purpose  he  selected  the  limit 
of  the  first  green  ring  and  the  red  one, 
and  by  means  of  an  instrument  which 
he  calls  an  Eriometer,*  he  was  enabled 
to  measure  the  size  of  minute  particles 
or  fibres.  This  instrument  consists  of  a 
plate  of  brass,  having  an  aperture  in 
Its  centre  of  about  the  sixtieth  of  an 
inch  in  diameter.  This  aperture  is  sur- 
rounded by  a circle  of  perforations 
about  half  an  inch  in  diameter,  the  per- 
forations being  8 or  10  in  number,  and 
a.s  minute  as  possible.  The  eye  being 
aided  with  a lens,  the  substance  to  be 
examined  is  fixed  in  a slider,  and  the 
instrument  being  held  before  an  Argand 
lamp,  or  two  or  three  candles  plac^  in 
a row,  the  slider  is  drawn  out  till  the 
limit  of  the  first  green  ring  and  the  red 
one  coincides  with  the  circle  of  perfora- 
tions, and  the  index  shows  on  uie  scale 
the  magnitude  of  the  particles  or  fibres. 

In  order  to  find  the  value  of  an  unit 
on  this  scale.  Dr.  Young  availed  him- 
self of  an  observation  of  Dr.  ollaston, 
that  the  seed  of  the  Lymperdon  Bovisla 
was  the  8500dth  of  an  inch  in  diameter. 


This  powder  gave  rings  in  which  the 
limit  of  the  first  green  and  red  indicated 
31  on  the  scale ; so  that  the  value  of  an 
unit  of  the  scale  was  3i  times  8500,  or 
the  29,750th  part  of  an  inch,  or,  in  round 
numbers,  the  thirty  thousandth  part  of 
an  inch.  The  leading  results  obtained 
by  Dr.  Young  are  found  in  the  follow- 
ing Table : 

Pim  th«  «wl« 

Milk  riilntctf.  v«rv  Indiitinct..  9 

Du*t  of  LMnptriion  Botitta^  ry  dwiinct  ....  3.9 

Bullock's  tfltMd,  f>om  Beef 4 3 

Fibres  of  cryiullin*  lens  

Smnt  of  B«ricy,  called  male  ear  ..............  H.t 

Blood  of  a Mouse  

Human  Blood  diluted  wills  water,  ft;  after 

standing  some  days,  6 or 7 

Blood  recently  diluted  with  serum  only S 

Put 7-3 

Silk,  eery  irrefular,  about I’J 

Bearer  Wool,  eery  eien,  (jointed)  ...........  )3 

Atiyola  Wool,  about 14 

VignniaWool  13 

SiMnan  Hare's  Wool,  irolch  Hare's  Wool, 
Foreign  Coney  Wool,  yellow  Rabbit's  Wool, 

about 134 

Mole's  Fur,  about  13 

Skate's  Blood,  very  indistinct,  about  .........  Id 

American  Rabbit's  Wool,  British  Coney  Wool, 

about  133 

Buffalo's  Wool  IH 

Wool  of  the  Oris  Montana lb 

Finest  real  Wool,  mixed,  about  lb  3 

Shawl  Wool,  IS  or  t9 

Goal's  Wool 19 

Colton,  very  unequal,  atwtit  19 

Peruvian  Wool,  mixed,  the  finest  locks IV 

A small  lock  of  Welsh  Wo«>l  W 

Aaxon  Wool,  a few  fibres,  17,  some  33,  ihirfijr  'J!2 
Wool  of  an  £scurial  Ram,  at  Lord  bomerville's 
show,  23  to 34 


• From  two  Gratk  worda  which  aigitify  a meoMre 
Md  woof. 


OPTICS. 


PtMt  ef  the  Kal». 

Wool  el  Mr  WfH»rn’«  South  Down,  .omu  »(x- 

ciment  

lionrxi  Woot,  tn  *J9,  {[encrMUjr  •» 

huUr  W'tol,  24  guicrally 

AlpaccA  W«M>|,  about  

Rvelaml  Mertno  Wool ^ 

Mcrirtn  South  Doivn  Wool ^ 

Brrd  of  Lpeopodtnm,  beautifully  dUtincl Ja 

Wool  of  u S<)uth  Down  cwe  

Coane  W.mjI,  ^ 

Coar*e  Wool*  from  »ome  •oriteti  ..t. ........  W 

In  order  to  find  in  parts  of  an  Knelish 
inch  the  diameter  of  the  particles  or 
fibres  of  any  of  these  bodies,  we  hare 
only  to  multiply  jo  by  <be  number  in 
the  table.  Thus,  Blood  teing  7,  we  have 
the  diameter  of  its  particles  joJint  ^ 1 
= OT^trti.  or  rsHtsth  part  of  an  inch. 
Chapter  XVI. — CoIntin  and  Slnir- 
ure  (/  Molhrr  of  Pearl — Colours  of 
the  groot'ed  surface  of  the  I-^enses  of 
Animals — Mr.  Barton's  Iris  orna- 
ments. 

A VERY  interesting  class  of  colours, 
which  have  Iteen  rrcently  employed  in 
the  useful  arts,  are  exhibited  by  polish- 
ed surfaces,  cither  of  glass  or  metal, 
when  they  are  crossed  by  parallel 
grooves  very  near  to  each  other.  As 
these  colours  have  been  long  ago  ob- 
served in  mother  of  pearl,  we  shall 
begin  by  giving  an  account  of  the  very 
remarkable  phenomena  which  this  sub- 
stance exhibits. 

Mother  of  pearl  has  in  general  a very 
irregular  surface,  and  therefore  in  order 
to  observe  its  properties,  we  must  select 
a piece  which  is  regularly  formed,  and 
which  in  general  has  an  uniform  white 
colour  in  daylight.  When  this  piece 
of  mother  of  pearl  has  been  ground 
on  both  sides  upon  a flat  stone,  or  upon 
a piece  of  metal  with  very  fine  emery, 
it  IS  ready  for  use.  If  we  now  place  our 
eye  near  one  of  its  surfaces,  so  as  to 
see  the  image  of  a candle  in  it  by  re- 
flexion, we  shall  observe  a reddish  dull 
image  S,  (fg.  39.),  free  from  any  of 


Fig.  39. 


the  prismatic  colours.  This  image  is 
formed  by  the  ordinary  laws  of  reflexion, 
and  its  dullness  arises  from  the  rough- 
ness of  the  suriwte  in  which  it  is  seen. 


On  one  side,  suppose  the  left  of  this 
dull  image,  there  will  be  seen  a tighter 
image  A,  which  is  a real  prismatic 
spectrum  of  the  candle  containing  the 
same  colours,  and  dispersed  nearly  as 
much  as  in  the  spectra  formed  by  a 
large  refracting  angle  of  flint  glass, 
but  having  its  blue  extremity  b nearest 
the  ordinary  image.  The  distance  of 
the  red  part  r of  this  image  from  the 
ordinary  image,  is,  in  a specimen  now 
before  us,  7“  22'.  On  tlie  outside  of 
tliis  coloured  image,  and  nearly  at  the 
same  distance  beyond  it  on  the  one  side 
as  the  dull  image  is  on  the  other,  will 
be  seen  a mass  of  light,  C,  of  a crimson 
colour,  which  becomes  green  by  varinng 
the  inclination  of  the  plate.  These  three 
images,  S,  A,  C,  are  all  in  the  same 
straight  line. 

If  we  now  fmlish  the  surface  of  the 
mother  of  pearl,  the  ordinary  dull 
image  S will  become  brighter,  and  a 
second  prismatic  image  B trill  start  up 
directly  opposite  to  the  first,  and  at  the 
same  distance  from  the  common  image 
S.  This  second  prismatic  image  has 
exactly  the  same  properties  as  the  first 
one,  with  the  exception  of  having  its 
brightness  a little  diminished  by  the 
polishing,  and  of  its  never  being  accom- 
panied with  the  mass  of  crimson  light. 
When  the  polish  of  the  surface  is  re- 
moved by  grinding,  the  second  prisma- 
tic image  1)  disappears,  and  the  first  A 
is  restored  to  its  former  lustre.  By  re- 
peating the  preceding  experiments  on 
the  opposite  surface  of  the  mother  of 
pearl,  the  same  phenomena  are  ob- 
served ; tlie  first  prismatic  image  A,  and 
the  mass  of  coloureil  light  S being  now 
on  the  right  hand  of  the  oidinary 
image,  and  the  second  prismatic  image 
B on  the  left  hand  of  it. 

If  when  the  plate  of  mother  of  pearl 
is  sufliciently  thin  we  examine  the 
transmitted  light,  we  shall  see  the  same 
appearances  which  we  see  by  reflexion  ; 
the  image  which  is  brightest  by  reflexion 
being  faintest  by  transmission.  In  this 
case,  too,  the  blue  end  b of  the  prismatic 
image  is  nearest  the  ordinary  image, 
and  the  red  end  r farthest  from  it. 

The  communication  of  the  colours  of 
mother  of  pearl  to  other  substances 
upon  which  it  is  impressed,  which  was 
first  pointed  out  by  Dr.  Brewster, 
forms,  to  those  who  see  it  for  the  first 
time,  one  of  the  most  surprising  pheno- 
mena in  optics,  while  to  the  scientific 
observer  it  furnishes  the  true  cause  of 
the  origin  of  the  colours.  If  we  take 
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sn  impression  of  the  mother  of 
upon  black  wax,  when  very  hot,  or  in- 
deeil  upon  any  other  cement,  and  ex- 
amine the  surface  of  the  wax  by  looking 
at  the  candle  m it,  we  shall  see  all  the 
plienomena  which  we  saw  in  the  mother 
of  pearl,  excepting  the  mass  of  crimson 
light.  If  the  mother  of  pearl  is  un- 
polished, the  wax  will  exhibit  only  one 
of  the  prismatic  images,  and  it  will  be 
on  the  opposite  side  of  the  onlinary 
image  from  what  it  was  on  the  mother 
of  pearl ; because  the  impressed  surface 
must  be  the  reverse  of  the  impressir,g 
surface. 

We  may  imitate  artificially  and  more 
perfectly  the  action  of  the  mother  of 
pearl,  by  placing  Isinglass  or  Oum 
Arabic,  or  Balsam  of  Tolu  between 
two  surfaces  of  mother  of  pearl.  When 
the  enclosed  substance  has  dried  or 
eoo1e<l,  it  it  is  Balsam  ef  Tolu,  and  is 
removed  from  the  mother  of  pearl  sur- 
fiices,  it  will  display  by  reflexion  from 
either  of  its  surfaces,  and  also  by  trans- 
mission, the  fine  prismatic  colours  of 
the  natural  shell.  An  impression  of 
mother  of  pearl  may  also  be  taken  upon 
the  fusible  metal  composed  of  bismuth 
and  mercury ; and  by  hard  pressure,  or 
the  blow  of  a hammer,  if  may  also  be 
made  upon  cold  lead.  On  the  fusible 
metal  the  play  of  the  colours  is  singu- 
larly fine ; hut  from  a gradual  change  in 
the  cryst^line  state  of  the  metal,  the 
surface  soon  loses  its  polish,  and  the 
colours  disappear. 

From  these  facts  it  is  obvious,  that 
all  the  above  phenomena  of  mother  of 
pearl,  as  seen  hy  reflected  and  transmit- 
ted light,  have  their  origin  m a particu- 
lar configuration  of  its  surface ; — that 
the  communication  of  its  properties  to 
other  bodies  is  the  necessary  conse- 
quence of  the  communication  of  its 
superficial  structure,— and  that  none  of 
the  light,  excepting  that  which  produces 
the  mass  of  enmson,  has  penetrated  the 
surface  of  the  mother  of  pearl. 

In  order  to  ascertain  what  this  con- 
figuration of  surface  was,  we  examined  it 
with  very  high  magnifying  powers,  and 
found  that  every  specimen  which  exhi- 
bited these  colours  had  a grooved 
structure,  resembling  the  delieiite  tex- 
ture of  the  skin  at  the  top  of  an  infant's 
finger,  or  the  wrinkles  which  ere  often 
seen  on  surfaces  covered  with  varnish 
or  with  oil  paint.  We  have  attempte<I 
to  represent  this  surface  in  (Jig,  4u.>,  a 
small  portion  of  which,  m n,  has  the 
grooves  neariy  parailcL  In  most  cases. 


however,  the  grooves  are  irregular, 
and  as  the  line  joining  the  coloured 
images  is  always  perpendicular  to  the 
direction  of  the  grooves,  these  irregular 
specimens  give  coloured  images  lying  in 
almost  every  direction.  Upon  measur- 
ing the  distance  of  these  grooves,  we 
found  them  to  vary  from  200  to  upwards 
of  5000  in  an  inch ; and  in  every  case 
the  distance  of  any  of  the  prismatic 
images  from  the  ordinary  image  increa- 
ses as  the  grooves  become  smaller  and 
closer.  In  a specimen  with  2500  in  an 
inch,  the  distance  of  the  prismatic 
ima^  from  the  ordinary  one  is  3*  41', 
and  in  a specimen  of  5000  in  an  inch, 
the  distance  is  7”  22',  almost  exactly 
double.  For  every  thousand  more 
grooves  that  there  are  in  an  inch,  the 
prismatic  images  separate  from  each 
other  half  a degree.  Hence  in  most 
specimens  of  mother  of  pearl,  when 
both  the  direction  and  the  distances  of 
the  grooves  are  various,  we  have  the 
prismatic  images  scattered  in  various 
directions,  and  at  various  distances  from 
each  other. 

One  of  the  most  remarkable  circum- 
stances in  mother  of  pearl,  is  that  when 
we  grind  down  the  natural  surface  with 
the  finest  powders,  and  polish  it  to  the 
utmost  degree  of  brilliancy,  we  shall 
never  be  able  to  grind  out  the  grooved 
structure  which  produces  the  colours. 
The  substance  of  the  shell  disappears, 
but  the  depressions  as  well  as  the  eleva- 
tions on  the  surface  are  worn  away  at 
the  same  time.  It  deserves  to  be  re- 
marked too,  as  a curious  circumstance, 
that  on  grinding  down  the  siu-face  after 
it  is  polished,  one  of  the  sides  of  the 
grooves  seems  to  be  worn  down,  while 
the  other  is  scarcely  at  all  affected  by 
the  process. 

Mr.  Herschel  has  discovered  in  mother 
of  pearl  another  pairof  nebulouscolour- 
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ed  imagfes,  the  line  joining  which  is  al- 
ways perpendicular  to  a sort  of  veined 
structure  in  the  shell.which  goes  through 
its  substance,  and  cannot  be  imprest 
upon  wax.  These  images  are  seen  by 
light  transmitted  through  a thin  and 
highly  polished  plate  of  mother  of  pearl, 
cut  parallel  to  the  natural  surface  of  the 
shell,  and  reduced  by  grinding  to  a thick- 
ness of  between  ^th  and  i^th  of  an 
inch.  The  nebulous  images  are  large, 
and  their  different  parts  have  the  follow- 
ing distances  from  the  ordinary  image. 

The  Extreme  Red  Ray 10®  29^ 


The  Mean  Ray  6 59 

The  Extreme  Violet 6 16 


By  measuring  with  a high  magnifying 
power  the  width  of  the  veins  which  pro- 
duced these  images,  Mr.  Herschel  found 
that  there  were  7700  of  them  in  an  inch. 

In  examining  the  lamime  or  plate 
which  composiid  the  crystalline  lens  of 
a cod  newly  killed.  Dr.  Brewster  dis- 
covered, that  their  surfaces  gave  the 
same  colour  as  mother  of  pearl,  with 
this  difference  only,  that  two  and  some- 
times three  prismatic  images  were  seen 
on  each  side  of  the  ordinary  image. 
These  laminte  communicated  their  co- 
lour to  wax ; and  by  measuring  the 
distances  of  the  coloured  images  at 
different  parts  of  the  laminse,  he 
found  that  the  fibres  diminished  gra- 
dually from  the  equator  to  the  pole  of 
the  lens,  tapering  hke  needles,  so  as  to 
allow  them  to  pack  together  into  a 
spherical  superficies  as  they  converge 
to  the  pole.  He  discovered  also  in  the 
lens  of  the  Boneto,  the  flying  fish,  the 
herring,  &c.  another  set  of  coloured 
images  exactly  at  right  angles  to  them, 
and  about  16®  distant  from  the  ordinary 
image.  These  images  prove  the  exist- 
ence of  grooves  or  divisions  across  the 
filjres,  whose  distance  is  at  least  the 
1 1 UUOdth  of  an  inch.  When  we  consider 
that  the  crystalline  lens  of  a small  fish 
is  thus  composed  of  several  millions  of 
separate  fibres,  and  each  of  them  sub- 
divided into  several  thousand  portions, 
we  cannot  fail  to  be  struck  with  the  ex- 
quisite beauty  of  such  a combination, 
and  with  the  admirable  skill  by  which 
it  is  fitted  for  performing  the  several 
operations  of  vision. 

The  principle  of  the  production  of  co- 
lour by  grooved  surfaces  has  been  ele- 
gantly and  ingeniously  applied  by  John 
Barton,  Esq.,  of  the  Royal  Mint,  to  the 
manufacture  of  what  he  appropriately 
calls  Iris  ornaments,  from  their  reflect- 
ing the  brilliant  hues  of  the  rainbow. 


By  cutting  with  a delicate  engine  paral- 
lel grooves  upon  steel,  at  the  distance 
of  from  the  2000dth  to  the  I0,000dth  of 
an  inch,  he  has  manufoctured  imitative 
jewels  and  other  articles  of  female  orna- 
ments of  transcendent  beauty ; and  by 
stamping  these  grooves  on  brass  with 
steel  dies,  he  has  manufactured  buttons 
at  a moderate  expense.  In  day  light, 
these  colours  are  scarcely  distinguish- 
able, excepting  when  the  surface  reflects 
the  margin  of  a dark  object  upon  a 
light  ground  ; but  in  strong  light,  and 
particularly  in  tliat  of  the  sun  and  of 
gas  flames,  the  colours  shine  with  ex- 
traordinary brilliancy,  and  the  play  of 
tints,  which  flit  about  with  every  lumi- 
nous image,  are  rivalled  only  by  the 
matchless  hues  of  the  diamond. 

M.  Fraunhofer,  who  has  studied  the 
phenomena  produced  by  grooved  sur- 
faces, constructed  a machine  by  which 
he  could  draw  lines  in  which  there  arc 
32,000  in  a Parisian  inch. 

Chaptxr  XVII. — Description  of  the 
Eye — Dimensions  of  the  Eye — For 
ination  of  Images  on  the  Retina — 
Direction  of  Visible  Objects — Cause 
of  Erect  Vision — Distinct  and  Indis- 
tinct Vision  in  the  same  Object — In- 
distinctness of  Vision  at  the  base  of 
the  Optic  Nerve — Intermission  in 
the  Vision  of  Objects  seen  Obliquely 
— Insensibility  of  the  Eye  to  Faint 
Light — Seat  of  Vision — Duration  of 
Impressions  on  the  Retina — Thau- 
matrope — Single  Vision  with  Two 
Eyes  — Squinting — Accommodation 
of  the  Eye  to  different  Distances — 
Longsightedness — Shortsightedness 
— Ocular  Spectra — Accidental  Co- 
lours— Colours  from  the  Unequal 
Action  of  Light  on  the  Eye. 

Iv  the  application  of  the  principles  of 
optics  to  the  explanation  of  natural  phe- 
nomena, the  structure  of  the  eye,  and  the 
manner  in  which  it  performs  the  func- 
tions of  vision,  claim  particular  notice. 

The  human  eye,  of  which  we  have 
given  a front  view  in  (Jfg.  41.),  and 
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a vertical  section  in  (fig.  42.),  is  nearly 
of  a globular  form,  with  a slight  elonga- 
tion or  projection  in  front.  It  consists 
of  four  coats  or  membranes,  viz.  the 
Srlerotic,  the  Cornea,  the  Choroid,  and 
the  Retina ; of  two  fluids  or  humours, 
the  Aqueout  and  the  Vitreoue  ; and  of 
one  lens,  called  the  Crystalline,  The 
Sclerotic  coat,  a a a,  (fig.  42.),  is  the 
outer  and  strongest  coat,  to  which  the 
muscles  for  giving  it  motion  are  attached. 
It  constitutes  the  white  of  the  eye,  a a, 
(fig.  41.)  It  is  joined  to  the  Cornea,  A A, 
or  the  clear  and  transparent  circular 
membrane  through  which  we  see.  The 
Cornea,  which  is  equally  thick  through- 
out, is  very  tough,  and  consists  of  seve- 
ral layers  or  folds  to  give  it  strength,  so 
as  to  defend  the  delicate  parts  within 
from  external  injury.  On  the  inner  sur- 
face of  the  sclerotic  coat  is  a delicate 
memlirane,  called  the  Choroid  coat, 
which  is  covered  with  a black  pigment. 
On  the  inner  side  of  this  lies  the 
Retina,  r r r r,  which  is  the  innermost 
coat,  and  is  a tender  reticular  mem- 
brane, formed  from  the  expansion  of 
the  optic  nerve,  which  enters  the  eye  at 
0,alittle  more  than  one-tenth  of  an  inch 
from  the  axis  on  the  side  towards  the 
nose.  At  the  end  of  the  axis  of  the 
eye,  and  in  the  very  centre  of  the 
retina,  there  is  a small  hole,  with  a 
yellow  maigin.  It  is  called  the  foramen 
centrale,  or  central  hole,  though  it  is  not 
a hole,  but  merely  a transparent  spot, 
free  of  the  soft  pulpy  matter  of  which 
the  retina  consists. 

A flat  membrane  of  a circular  form, 
e f,  colled  the  iris,(c  c,fig.  41.),  and  seen 
through  the  cornea  A A,  divides  the  in- 
terior globe  of  the  eye  into  two  very  un- 
equal parts.  It  has  a circular  opening, 
d,fig.  41,  in  its  centre,  called  (ho  pupil, 
which  expand*  when  the  light  which 
enters  the  eye  is  diminished,  and  am- 
tracts  when  the  light  is  increased.  The 
space  before  the  iri*,  called  the  anterior 


chamber  of  the  eye,  contains  the  aque- 
-'us  humour,  from  its  resemblance  to 
pure  water ; and  the  space  behind  the 
iris  is  called  the  posterior  chamber,  and 
contains  the  crystalline  lens,  cc,  and 
the  vitreous  humour,  which  fills  all  the 
rest  of  the  eye.  The  crystalline  lens  is 
suspended  in  a transparent  capsule,  or 
bag,  by  what  are  call^  the  cUtary  pro- 
cesses, gg.  This  lens  is  more  convex 
behind  than  in  front,  as  the  figure  shows; 
and  it  consists  of  concentric  coats  com- 
posed of  fibres.  It  increases  in  density 
from  its  circumference  to  its  centre,  for 
the  purpose  of  correcting  its  spherical 
aben-ation.  The  vitreous  humour,  V V, 
occupying  the  largest  portion  of  the 
eye,  lies  immediately  behind  the  crystal- 
line lens,  and  fills  tne  whole  space  be- 
tween it  and  the  retina,  rrrr. 

The  following  are  the  dimensions  of 
the  eye,  as  given  by  Dr.  Young  and 
M.  Petit: 

EncUsh  InchM 

Length  of  the  optical  axes 0 it! 

Veriical  chord  of  the  cornea  0.45 

Versed  aine  of  ditto  ....U.ll 

Horixoitlal  chord  of  the  eorrtea.. . . 0.4' 

Openiiiftof  pupil  teen  through  the  cornea 0.27  to  0. 13 
Dimiiuthed  by  magnifying  power  of  cornea  to 

0.23  to  0.12 

Radio*  of  the  anterior  lurface  of  the  cryitalline 


len*  0 3(1 

Radiii*  of  the  ptMterior  surface 0.22 

Principal  focal  distance  of  the  lens  ...........  1 .73 

Distance  of  the  centre  of  the  optic  nerve  from 

the  central  hole  at  the  end  of  the  axis  0.1 1 

Distance  of  the  iris  from  the  cornea  0.11 

Diktance  of  the  iris  from  the  anterior  surface  »f 
the  crystalline  0 


Range  of  the  eye,  or  diameter  of  field  of  vision  1 10^ 

Dr.  Brewster  and  Dr.  Gordon  took  the 
following  measures  of  the  crystalline 
and  cornea  from  the  eye  of  a woman 
above  50  years  of  age,  a few  hours  after 
death. 

Diameter  of  the  crystalline  0.379 

Diameter  nf  the  cornea 0.4UU 

Thickness  of  the  cryiulline  0.172 

Thtcknctsof  the  cornea 0.0^ 

The  following  are  the  refractive  pow- 
ers of  the  humours  of  the  eye,  according 
to  different  observers : 


Aqvsaa* 

Hamour. 

Hauksbee 
Jurin....  I.fisas 
Rochnn..  1.329 
Young  ..  1 3333 
Brewster  1.3366 


CfTitalUa*  Lens.  Vltmtor 
Oxter  Csutix.  Mvnn.  Humour 


1.3767  1.3D90  1.3839 


l.SiitAH 

1.332 

1.33m: 


From  the  last  of  these  measures  we 
may  deduce  the  following  indices  of  re- 
fraction : 

Indsx  «f  Rsftactioa. 

For  rays  passing  from  the  aqueous  iiumour 

ititu  the  «>uter  coal  of  the  crystalline  lens  1.<MC6 
For  r«y*  passing  from  the  aqueous  humour 
into  the  crystalline,  taking  its  mean  index 

of  refraction 1.08M 

For  rays  passing  from  the  onter  coat  of  the 
crystalline  into  the  ntreous  humour  ....  0 88 
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From  the  dimensions  of  the  eye  given  the  prog^ss  of  rays  through  the  hu- 
above,  and  by  means  of  the  preceding  mours  of  the  eye,  whether  they  fall  upon 
indices  of  reti^tion,  it  will  be  easy  to  it  in  a parallel  or  a diverging  condibon. 
trace,  by  the  method  already  described.  Let  MN,  for  example. 


be  an  object  at  a considerable  distance 
fiom  the  eye,  E F O.  Riws  of  light 
diverging  from  the  points  M N,  will  be 
converged  by  the  refraction  of  the  hu- 
mours to  points  m,  n upon  the  retina, 
where  they  will  form  an  inverted  image 
of  it,  in  the  same  manner  as  an  image 
is  formed  in  a camera  obscura.  That 
such  an  image  is  actually  formed  on  the 
back  of  the  eye,  may  be  easily  proved 
by  paring  away  the  sclerotic  coat  of  the 
<‘ye  of  an  ox,  with  a sharp  knife,  till  it 
is  sufficiently  thin  to  allow  the  image  to 
be  seen  through  it 

In  what  manner  the  retina,  thus  im- 
pressed with  a distinct  image  of  an  ex- 
ternal object,  conveys  to  the  mind, 
through  the  medium  of  the  optic  nerve, 
of  w hich  it  is  the  expanded  termination, 
a knowledge  of  the  existence,  the  po- 
sition, and  the  magnitude  of  that  object, 
is  not  known,  and  probably  never  will 
l>e.  Certain  facts,  however,  or  laws 
of  vision,  have  been  deduced  from  ob- 
sen  ation,  and  merit  our  attentive  con- 
sideration. 

l.On  the  direction  of  visible  objects. — 
When  the  mind  sees  the  extremity  M 
of  any  olject  M N,  by  means  of  ravs 
flowing  from  M and  collected  at  m,  the 
retina  reta'ives  these  rays  at  different 
degrees  of  obliquity,  and  yet  the  point 
M is  seen  only  in  one  direction,  namely, 
in  the  direction  of  the  central  ray  of  the 
cone  whose  apex  is  at  m.  This  however 
does  not  arise  from  the  ray  being  the 
resultant,  as  it  were,  or  the  mean  of  the 
directions  of  all  the  other  rays ; for  if  we 
close  up  all  the  pupil  exceptii^  a small 
opening  at  its  margin,  the  point  M will 
be  represented  at  m only  by  the  most 
oblique  rays  of  the  conical  pencil,  and 
yet  it  will  still  be  seen  in  the  same  di- 
rectio  nas  before.  Hence  we  conclude, 
that  when  a ray  of  light  falls  upon  any 
oint  m of  the  retina,  in  any  dn-ecUon, 
owever  oblique  to  its  surface,  ttie  ob- 
ject will  be  seen  in  the  direction  of  a 
line  perpendicular  to  the  retina  at  the 


point  m.  As  the  surface  of  the  retina 
is  a portion  of  a sphere,  these  perpen- 
diculars must  all  pass  through  one 
point,  which  may  be  called  the  centre  of 
visible  direction  ; because  every  point  of 
an  external  object  will  be  seen  in  the 
direction  of  a line  joining  that  centre 
and  the  given  point.  The  truth  of  ttiis 
we  have  estaldished  by  marking  the 
perfect  stability  of  the  image  of  any  ob- 
ject, when  it  is  seen  by  different  points  of 
the  retina  when  tlie  eyeball  alone  is 
moved.  Hence  the  centre  of  shsible 
direction  is  a fixed  point  in  the  vitreous 
humour;  and.  as  it  never  changes  its 
place  during  the  rotation  of  the  eyeball. 
It  must  lie  coincident  with  tlie  centre 
round  which  that  rotation  is  perfonned. 
In  consequence  of  this  coincidence,  and 
in  virtue  of  the  law  of  visible  direction, 
an  arrangement  of  consummate  skill, 
the  great  Author  of  nature  has  provided 
for  the  perfect  stability  of  every  point  in 
the  images  of  external  objects. 

2.  Catise  of  erect  rision. — As  the 
humours  of  the  eye  act  exactly  like  a 
convex  lens  of  an  equivalent  focal 
length,  an  inverted  picture  of  extenial 
objects  will,  for  the  reasons  already 
assigned  (Chap.  iv.  p.  12),  Ive  formed 
upon  the  retina.  Many  philosophers 
of  eminence  have  perplexed  themselves 
very  unnecessarily,  in  attempting  to  de- 
duce erect  vision  from  inverted  images. 
The  law  of  visible  direction  removes  at 
once  eveiy  difficulty ; for  as  the  lines  of 
visible  direction  must  necessarily  cross 
each  other  at  the  centre  of  vi.sible  di- 
rection, those  from  the  lower  part  of  the 
image  must  go  to  the  upper  part  of  the 
object,  and  those  from  the  upper  part 
of  the  image  go  to  the  lower  part  of  the 
object,  and  hence  an  erect  object  is  the 
necessary  result  of  an  inverted  image. 

3.  Distinct  and  indistinct  vision  in 
the  same  object. — When  we  look  in- 
tensely at  any  point  of  an  object  in  or- 
der to  examine  it  with  care  and  atten- 
tion, we  direct  to  that  point  the  a.xis  of 
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the  eye,  and,  consequently,  the  image 
of  that  point  falls  upon  the  central  hole 
in  the  retina.  Evety  other  point  of  the 
same  object  is  seen  indistinctly,  and  the 
indistinctness  increases  with  the  dis- 
tance of  the  point  from  that  which  is 
seen  distinctly.  The  only  perfectly  dis- 
tinct point  of  vision,  therefore,  is  that 
where  there  is  no  retina ; but  we  are 
not  entitled  to  ascribe  this  to  the  ab- 
sence of  the  nervous  matter,  as  the  gra- 
dual increase  of  distinctness  towanls 
the  central  hole  does  not  appear  to  be 
accompanied  with  a gradual  diminution 
in  the  thickness  of  the  retina. 

4.  Indistinctness  of  vision  at  the  base 
of  the  ojitic  nen'e. — It  was  discovered 
by  M.  lilariotte,  that  when  the  image  of 
any  object  fell  upon  the  base  of  the  op- 
tic nerve,  the  object  disapjicared.  In 
order  to  prove  this  experimentally,  fix 
on  the  side  of  a room,  and  at  the  height 
of  the  eye,  three  wafers,  two  feet  dis- 
tant. Stand  opposite  to  the  middle 
wafer  with  one  eye  shut,  and,  beginning 
near  the  wall,  retire  gradually  from  it, 
(looking  always  at  the  outside  wafer, 
which  IS  on  the  same  hand  as  the  co- 
vered eye,)  till  the  middle  wafer  disap- 
pears. This  will  be  found  to  take  place 
at  about  Jive  times  the  distance  at  which 
the  wafers  are  placed,  and  when  it  does 
happen,  the  other  wafers  will  be  jilainly 
seen.  If  we  use  candles  in  place  of 
wafers,  the  middle  one  will  not  disap- 
pear, but  it  will  become  a cloudy  mass 
of  light.  The  base  of  the  optic  nerve, 
therefore,  is  not  insensible  to  light,  it  is 


only  unfit  for  giving  distinct  vision  of 
those  objects  whose  images  fall  upon 
it  M.  Le  Cat  considered  the  size  of  this 
portion  of  the  retina  to  be  about  one- 
third  or  one-fourth  of  a line ; but  Daniel 
Bernoulli  found  it  to  be  about  one- 
seventh  part  of  the  diameter  of  the  eye. 

5.  Intermission  in  the  vinon  of  ob- 
jects seen  obliquely. — The  inability  of 
the  eye  to  preserve  a sustained  vision  of 
objects  seen  obliquely,  was  discovered  by 
Dr.  Brewster.  If  w^cn  one  eye  is  shut 
we  fix  the  other  upon  any  point,  such 
as  the  head  of  a pin,  A,  stuck  into  a green 
cloth,  and  continue 


Fig.  44, 


for  some  lime  look- 
ing at  the  pin  head, 
otqects,  such  as  a 
pen,  B C,  or  a strip 
of  paper  laid  upon 
the  green  cloth  at 
a distance  from 
the  pin,  will  occa- 
sionally disappear 


altogether ; the  impression  of  the  green 
cloth  extending  itself  over  the  part  of 
the  retina  on  which  the  image  of  the 
pen,  B C,  or  strip  of  paper,  was 
formed.  In  a short  time  the  vanished 
object  will  again  reappear.  The  same 
effect  is  produced  when  both  eyes  are 
used ; and  when  the  object  is  highly 
luminous,  like  a candle,  it  docs  not 
wholly  disappear,  but  expands  itself  into 
a mass  of  nebulous  light,  which  is  of  a 
blue  colour,  encircled  with  a bright  ring 
of  yellow  light. 

But  though  objects  thus  seen  indi- 
rectly, or  obliquely,  occasionally  dis- 
appear, very  minute  objects,  which  can- 
not be  seen  by  direct  vision,  may  be 
rendered  visible  by  looking  a little  from 
them.  This  has  been  observed  by  se- 
veral astronomers,  both  with  regaixl  to 
faint  stars  and  to  the  satellites  of  Sa- 
turn. When  the  eye  is  turmxl  full  upon 
the  star  or  satellite,  it  disappears  ; but 
when  it  is  directed  to  another  part  of 
the  field  of  the  telescope,  the  luminous 
point  will  become  distinctly  visible. 
This  superior  vision  of  a small  point  of 
light  seen  obliquely,  seems  to  arise  part- 
ly from  the  expansion  of  its  image  by 
indirect  vision,  which  makes  its  light 
act  upon  a greater  portion  of  the  retina. 

6.  Insensibility  of  the  eye  to  direct 
impressions  of  V‘ory  faint  liznt. — When 
the  eye  is  steadily  directed  to  otneets 
illuminated  by  a feeble  gleam  of  iight, 
if  is  thrown  into  a state  nearly  as  pain- 
ful as  that  which  is  produc'iHl  by  an 
excess  of  light.  A kind  of  remission 
takes  place  in  the  conveyance  of  the  im- 
pressions along  the  nervous  membrane ; 
the  object  actually  disajqiears,  and  the 
eye  is  agitated  by  the  recurrence  of  im- 
pressions which  arc  ton  feeble  for  the 
performance  of  its  functions. 

" The  preceding  facts,"  H b,  6,)  says 
Dr.  Brewster,*  “ respecting  tlie  afl'ce- 
tions  of  the  retina,  while  they  throw 
considerable  light  on  the  funclions  of 
that  membrane,  may  serve  to  explain 
some  of  those  |)henomcna  of  the  disap- 
pearance and  reappearance  of  objects, 
and  of  the  change  of  shape  of  inanimate 
objects,  which  nave  been  ascribed  by 
the  vulgar  to  supernatund  causes,  and 
by  philosophers  to  the  activity  of  the 
imagination.  If  in  a dark  night,  for 
example,  we  unexpectedly  obtain  a 
glimpse  of  any  object,  either  in  motion 
or  at  rest,  we  are  naturally  anxious  to 
ascertain  what  it  is,  and  our  curiosity 
calls  forth  all  our  powers  of  vision 

* S4i»ii^gh  JoMTMi  of  Scimce.  No.  vi.  p.  i90.. 
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This  anxiety,  however,  serves  only  lo 
bafRe  us  in  our  attempts.  Excited  by  a 
feeble  illumination,  the  retina  is  not 
capable  of  afiordint'  a permanent  vision 
of  the  object,  and  while  we  are  straining 
our  eyes  to  discover  its  nature,  it  will 
entirely  disappear,  and  allerwaids  re- 
appear and  vanish  alternately.  The 
same  phenomenon  may  be  obseiwed  in 
daylight  by  the  sportsman,  when  he  en- 
deavours to  mark  upon  the  monoto- 
nous heath  the  particular  spot  where 
moor-game  has  alighted.  Availing  him- 
self of  the  slightest  difference  of  tint  in 
the  adjacent  heath,  he  keeps  his  eye 
steadily  fixed  upon  it  as  he  advances ; 
but  whenever  the  contrast  of  illumina- 
tion is  feeble,  he  invariably  loses  sight 
of  his  mark ; and  if  tlie  retina  is  again 
capable  of  taking  it  up,  it  is  only  to  lose 
it  a second  time." 

7.  Seat  nf  rition. — The  inability  of 
the  base  of  the  optic  nerve  to  perform 
the  same  functions  as  the  parts  of  the 
retina  which  surround  it,  led  Mariotte 
to  suppose  that  the  choroid  coat,  which 
lies  immediately  tielow  the  retina,  is  the 
seat  of  vision.  This  opinion  was  con- 
firmed by  the  fact  of  the  transpiarency 
of  the  retina,  which  rendered  it  unfit  for 
the  reception  of  images,  and  by  the 
opacity  of  the  choroid. 

In  the  eye  of  the  cuttle-fish.  Dr. 
Knox*  has  shown  that  there  is  inter- 
jiosed  between  the  vitreous  humour  and 
the  retina  an  excessively  dark  and 
opaque  pigment  of  considerable  consist- 
ency, assuming  the  form  of  a mem- 
brane. Hence,  if  the  retina  performs 
any  part  in  vision,  the  impressions 
m^e  by  the  images  on  this  dark  mem- 
brane must  lie  conveyed  by  vibration 
to  the  retina  behind  it  In  hke  manner 
in  the  human  eye,  the  impressions  on 
the  choroid  coat  may  be  conveyed  to 
the  retina  before  it,  by  the  vibrations 
of  the  choroid.  This  view  of  the  matter, 
which  is  however  not  without  its  diffi- 
culties, reconciles  the  opposite  senti- 
ments which  have  been  so  long  enter- 
tained. The  choroid  coat  has  generally 
been  supposed  to  be  black,  and  M.  I.e 
Cat  states  that  it  grows  less  black  with 
age.  I have  however  observed  in  young 
persons,  generally  below  the  age  of 
twelve,  that  it  reflects  a brilliant  crimson 
colour,  similar  to  what  we  observe  in  the 
eyes  of  dogs  and  other  animals.  Hence 
it  would  follow,  that  if  the  retina  is 
affected  by  rays  which  fall  upon  it,  the 


* K4i»bmrgh  J9wnal  ^ Scitnot,  No.  ri.  p.  199. 


young  persons  above  mentioned  ought  to 
see  the  crimson  light  reflected  ^ the 
choroid  and  falling  upon  the  retina,  in 
its  progress  out  of  the  eye.  1 have 
ascertained,  however,  that  this  is  not 
the  case ; and  consequently  we  obtain 
a strong  argument  in  favour  of ^ the 
opinion,  that  the  retina  is  aflected'only 
by  the  vibrations  communicated  to  it  by 
its  contact  with  the  choroid  coat.* 

8.  Duration  of  the  impretsiont  of  light 
upon  the  eye. — Every  person  must  have 
observed  that  when  we  whirl  in  the  hand 
a burning  stick,  a circle  of  light  is  seen 
marking  out  the  paths  described  by  its 
burning  end.  As  tlie  burning  extremity 
can  only  be  in  one  point  of  the  path  at 
the  same  instant,  it  is  manifest  tliat  the 
impression  of  its  light  continues  some 
time  on  the  eye.  M.  D'Arcy  found  that 
the  light  of  a live  coal,  placed  at  the  dis- 
tance of  IG5  feet,  continued  its  impres- 
sions on  the  eye  during  the  seventh  part 
of  a second.  This  afftetion  of  the  eye 
has  been  ingeniously  used  by  Dr.  Paris 
in  constructing  a toy  called  the  Thauma- 
trope,  from  two  fctreek  words  which 
signify  to  turn  wonders.  It  is  shown  in 


B 


where  AB  is  a circle  cut  out  of  card, 
and  having  two  silk  strings,  C D,  fixetl 
to  it,  by  twisting  which  with  the  finger 
and  thumb  of  each  hand  it  may  be 
twirled  round  with  considerable  veliieity. 
On  one  side  of  the  piece  of  card  there 
is  drawn  any  object,  such  as  a chariot, 
and  on  the  other  side  of  it  the  charioteer 
in  the  attitude  of  driving,  so  that  when 
the  card  is  twirled  round,  we  see  the 
charioteer  driving  the  chariot,  as  in  the 
figure ; or,  in  consequence  of  the  dura- 
tion of  the  impressions  of  light  on  the 
retina,  we  see  at  once  what  is  drawn  on 
both  sides  of  the  card. 

• M.  Isfhol  rrrentl^  fndp8Tonr«l  to  »)iow  (hat 
the  «a(  of  trUtoo  w aDtrrior  to  Ike  retina,  and  ihat 
TIMOR  im  effected  by  ima|tes  of  three  diiueD«lons 
foMiieti  in  the  ritreous  huoionr.  He  Pon-ndef«  it 
robable,  (hat  the  woRation  it  conveyed  to  the  retiaa 
y tmall  nerront  filameatt  exteodiee  fron  the  latter 
into  the  rilreoia  hunonr. 
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Hitherto  we  hare  considered  the  eye 
as  a single  organ,  and  as  viewing  ob- 
jects at  that  precise  distance  wlien  rays 
diverging  from  them  are  converged  to 
points  on  the  retina ; but  as  almost  all 
animals  have  more  than  one  eye,  and 
have  the  power  of  seeing  objects  dis- 
tinctly at  different  distances,  we  must 
proceed  to  the  consideration  of  these 
two  points. 

9.  Caiue  of  nngle  vition  with  two 
eyet. — The  subject  of  single  vision  with 
two  eyes  has  excited  much  needless 
discussion,  as  it  is  the  necessary  con- 
sequence of  the  law  of  visible  direction. 
By  the  external  muscles  of  the  eyeball  we 
can  direct  the  axis  of  each  eye,  so  that 
these  axes  when  prolonged  may  meet 
in  ai\y  point  of  absolute  space  beyond 
the  distance  of  four  or  five  inches.  Let 
us  suppose  that  we  are  placed  at  one  end 
of  a room,  and  that  we  direct  the  axes 
of  both  eyes  to  a circular  aperture  in  a 
window  shutter  at  the  other  end ; then, 
though  an  image  of  this  aperture  is 
formed  in  each  eye,  yet  because  the 
lines  of  visible  direction  from  similar 
points  of  the  one  image  meet  the  lines 
of  visible  direction  from  similar  points 
of  the  other  image,  each  pair  of  simi- 
lar points  must  be  seen  as  one  point,  and 
the  aperture  seen  by  one  eye  wUl  exactly 
coincide  with  the  aperture  seen  by  the 
other  eye.  The  same  singleness  of  vision 
would  take  place  if  we  possessed  an 
hundred  eyes,  all  capable  of  having 
their  axes  directed  to  tne  same  point. 

If  when  an  object  is  seen  single  with 
both  eyes,  we  press  one  eye  aside,  the 
image  formed  by  that  eye  will  separate 
from  the  other  image,  and  the  object 
will  appear  double.  Or,  if  the  axes  of 
both  eyes  are  directed  to  a point  either 
nearer  or  more  remote  than  the  aperture 
in  the  window  shutter,  tlien  in  both  of 
these  cases  the  aperture  will  appear  dou- 
ble ; because  tlie  similar  lines  of  visible 
direction  no  longer  meet  at  the  aperture. 

A small  object  may,  and  sometimes 
does,  appear  double  with  one  eye,  when 
the  crystalline  lens  has  ceased  to  be  ho- 
mogeneous, either  from  age  or  disea.se. 

1 0.  Cause  of  squinting. — A person  is 
said  to  squint  when  both  eyes  do  not 
seem  to  be  directed  to  the  object  at 
which  he  is  looking.  When  either  of  the 
eyes  has  a less  perfect  vision,  or  a dif- 
ferent focal  length,  or  when  there  is  any 
weakness  in  its  external  muscles  we  are 
apt  to  make  use  only  of  the  good  eye ; 
end  when  we  acquire  the  habit  of  doing 
this  the  imperfect  eyes  .eft  attest,  and 


will  sometimes  cease  even  to  follow  the 
movements  of  the  other.  In  this  case 
squinting  is  produced.  If  the  good 
eye  is  shut,  and  the  bad  one  forced 
to  exert  itself,  the  iris  will  be  placed 
symmetrically  between  the  eyelids,  and 
the  squint  formerly  seen  in  the  eye  will 
disappear.  Should  the  eye  in  this 
case  still  squint,  the  cause  of  it  must 
be  sought  either  in  the  central  hole  of 
the  retina  not  being  at  the  extremity  of 
the  axis,  or  in  some  mal-conformation 
by  which  the  retina  is  not  perpendicular 
to  the  axis  of  the  eye  at  the  point  where 
they  meet.  Such  a case  we  nave  never 
met  with.  This  disease  of  the  eye 
might,  we  are  persuaded,  be  frequently 
cu^,  even  in  adults,  by  those  vvho  are 
thoroughly  acquainted  with  the  struc- 
ture and  functions  of  this  organ. 

1 1 .  Accommodation  of  the  eye  to  dif- 
ferent distances. — The  narrowness  of 
our  limits  will  not  permit  us  to  detail 
the  various  theories  which  have  been 
devised  to  explain  this  properly  of 
the  eye,  and  the  experiments  which 
have  been  made  to  support  them.  The 
eye  is,  we  conceive,  adjusted  to  very 
remote  objects  when  it  is  in  a state  of 
perfect  repose.  When  near  objects  are 
to  be  seen,  we  are  enabled  by  a volun- 
tary action  to  draw  forward  the  crystal- 
line lens.  This  action  is  performed  by 
the  contraction  of  the  pupil,  or  by  the 
expansion  of  the  iris  towards  the  centre 
of  the  pupil,  and  as  the  base  of  the  iris 
is  connected  with  the  ciliary  processes 
which  suspend  the  lens,  the  lens  will  be 
th\is  removed  from  tlie  retina.  But 
while  the  eye  possesses  the  power  of 
voluntary  adjustment,  the  same  effect 
may  be  produced  involuntarily  by  the 
stimulus  of  light  upon  the  eye.  By  a 
combination  of  the  voluntary  and  in- 
voluntary actions,  the  eye  is  accommo- 
dated to  ail  distances  within  its  range ; 
and  for  short  distances,  when  the  volun  • 
tary  power  of  adjustment  fails,  the  ad- 
justment may  still  lie  effected  by  the 
involuntary  stimulus  of  light.  The 
facts  and  reasonings  ty  which  this 
view  of  the  subject  is  supported,  will  be 
found  in  the  Edinburgh  Journal  of 
Science,  No.  i.  p.  77 — 83. 

The  accommodation  of  the  eye  to  any 
distance  is  effected  at  tlie  same  time 
with  the  convergency  of  the  axes  of 
both  eyes  to  the  object  to  be  riewed. 
These  two  movements  being  neces- 
sarily called  into  action  at  the  same 
instant,  cannot  easily  be  performed  se- 
parately, which  has  led  to  the  belief 
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that  the  external  muicles  which  con- 
verge the  axes,  produce  also  the  ad- 
justment by  pressure  on  the  eyeball. 
Tliis,  however,  is  not  the  case  ; as  we 
have  succeeded  in  producing,  by  the  in- 
voluntary stimulus  of  liKht,  an  aijjust- 
ment  to  one  distance  when  the  axes 
were  converged  to  a more  remote  point, 

1 2.  Cmue  of  longnghitdnett. — When 
the  eye  loses  the  power  of  accommo- 
datii^  itself  to  near  objects,  the  person 
is  said  to  be  longrightM.  This  cnan^, 
which  generally  shows  itself  by  the  dif- 
fieidty  of  reading  small  type  with  can- 
dle-light, commonly  takes  place  at  the 
age  of  forty,  and  arises  from  a mecha- 
nical change  in  the  state  of  the  crystal- 
line lens,  by  which  its  density  and  re- 
fractive power  are  altered.  When 
every  other  part  of  our  iVame  bemns  to 
shrink  and  decay,  the  eye  partues  in 
the  general  change.  The  variation  of 
density  takes  place  most  frequents  at 
a particular  point  in  the  mar^n  of  the 
lens,  and  requires  some  time  to  com- 
plete its  circle.  At  its  commencement 
vision  is  considerably  injured,  but  when 
the  change  has  become  symmetrical 
round  the  margin  of  the  lens,  the  sym- 
metrical action  of  a convex  lens  enables 
the  eye  to  see  as  distinctly  as  before,  by 
converging  upon  the  retina  rays  flowing 
from  near  objects,  which  the  unassisted 
eye  refracted  in  such  a manner  that  they 
would  meet  at  points  behind  the  retina. 

13.  Catue  of  shorUigfitednett.—Vliiea 
the  eye  is  not  able  to  see  distant  objects, 
and  requires  to  bring  minute  objects 
very  near  it  in  order  to  be  distinctly 
seen,  the  person  is  said  to  be  short- 
sighled.  In  this  case,  the  rays  from 
distant  objects  are  converged  to  points 
before  they  fall  upon  the  retina,  and  the 
evil  is  removed  by  using  a concave  lens, 
which  delays  their  convergency.  This 
imperfection  of  the  eye  often  appears  in 
early  life,  and  seems  to  arise  from  an 
increase  of  density  in  the  central  parts 
of  the  crystalline  lens. 

14.  Ocular  tpecira. — Accidental  co- 
loum. — One  of  the  most  curious  affec- 
tions of  the  eye,  is  that  in  virtue  of 
which  it  secs  what  are  called  ocular 
fpectra,  or  accidental  eotoure.  If  we 
place  a red  wafer  on  a sheet  of  white 
paper,  and,  closing  one  eye,  keep  the 
other  directed  for  some  time  to  the  cen- 
tre of  the  wafer,  then  if  we  turn  the 
same  eye  to  another  part  of  the  paper 
we  shall  see  a green  wafer,  the  colour 
of  which  will  grow  fainter  and  fainter 
as  we  continue  to  look  at  it  This 


green  image  of  the  wafer  is  called  an 
ocular  spectrum,  or  the  accidental,  or 
opposite,  colour  of  red.  By  using  dif- 
ferently coloured  wafers,  we  obtain  the 
following  results : 


C«l«ui  ofih«  Wtftr.  Cil— rafdwSycw. 

Black White. 

White Black. 

Red Bluish  Green. 

Orange Blue. 

Yellow Indigo. 

Green Violet  with  a little  Rad. 

Blue Orange  Red. 

Indigo Orange  Yellow. 

Violet Bluish  Green. 


If  we  arrange  all  the  colours  in  a circle 
in  the  proportions  given  in  Chap.  viii. 
p.  34,  the  red  and  the  violet  extremities 
of  the  spectrum  meeting  at  0°,  then  the 
accidental  colour  of  any  other  colour 
will  be  always  found  du-ectly  opposite 
that  other  colour,  and  for  this  reason 
these  colours  have  been  called  opposite 
colours. 

Tlie  same  thing  may  be  done  more 
easily  in  tlie  common  spectrum  A B, 
tjig.  46.)  Take  half  the  spectrum  A B, 


vix.  Am,  or  B m,  in  a pair  of  com- 
passes, and  having  set  one  foot  in  tlie 
colour  whose  accidental  colour  is  re- 
quired, the  other  foot  will  fall  upon  the 
accidental  colour.  This  law  of  acci- 
dental colours,  derived  from  observa- 
tion, may  be  thus  expressed  : The  acci- 
dental colour  of  any  primitive  colour, 
is  that  colour  which  in  the  prismatic 
spectrum  is  distant  from  the  primitive 
colour  half  the  length  of  the  spectrum. 

If  we  suppose  the  primitive  colour  to 
be  reduced  to  the  same  degree  of  inten- 
sity as  the  accidental  colour,  then  we 
shall  find  that  the  one  is  the  comple- 
ment of  the  other,  or  what  the  other 
wants  to  make  it  white  light,  that  is, 
the  primitive  and  the  accidental  colour 
when  mixed  together  will  make  white 
light.  Hence  the  accidental  colour* 
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have  also  been  called  eomplemmtary 
colourt.  Since  a mixture  of  all  the 
colours  of  the  spectrum  forms  white 
light,  it  is  obvious,  that  if  one  is  left 
out,  the  mixture  of  the  remainder  will 
not  be  white  but  some  other  tint  This 
other  tint  is  found  to  be  nearly  that 
which  corresponds  to  the  centre  of  gra- 
vity of  all  the  other  colours  which  are 
left.  So  that  if  we  arrange  the  colours 
in  a circle,  as  in  which  is  nothing 

more  than  the  prismatic  spectrum  bent 
round  till  its  two  ends  A,  B meet,  we 
shall  see  that  the  centre  of  gravity  of 
the  colours  which  remain  after  one  co- 
lour is  omitted,  must  necessarily  be 
opposite  to  the  omitted  colour,  that  is, 
the  complementaiy  colour  is  found  in 
the  same  way  as  the  accidental  colour. 
Thus 


■sapuj 


j the  red  is  omitted,  the  centre  of  gra- 
vity of  the  remaining  arch  will  be  in  the 
blue.  We  have  inserted  in  the  figure  a 
small  strip  of  white,  and  another  of  black 
opposite  to  it,  in  order  to  include  all  the 
specimens  of  accidental  colours  ; but  it 
ought  to  be  remarked,  that  the  tints 
thus  formed  from  the  common  pris- 
matic spectrum  are  not  exactly  those 
which  experiment  gives.  The  colours 
which  ought  to  be  used  are  those  which 
are  found  in  a spectrum  formed  by  a 
prism,  when  the  beam  of  light  is  larger 
than  the  angular  magnitude  of  the  real 
spectrum.  In  this  case,  the  centre  of  the 
spectrum  will  be  white  light,  passing 
on  one  side  into  pale  yellow,  yellow, 
orange,  and  red,  and  on  the  other  side 
into  greenish  blue,  indigo,  and  violet. 
In  such  a spectrum  there  is  no  un- 
mixed green,  though  we  have  inserted 
it  in  the  figure. 

From  the  preceding  facts,  the  reader 
will  have  no  difficulty  in  understanding 
the  common  theory  of  accidental  co- 
lours. When  the  eye  is  fixed  for  some 
time  on  the  red  wafer,  the  part  of  the 
retina  on  which  the  red  rays  fall  'is 


strongly  excited  bjr  their  continued 
action.  Its  sensibility  to  red  light  must 
theftfore  be  diminished,  in  the  same 
manner  as  the  palate  when  long  accus- 
tomed to  a particular  taste  ceases  to 
feel  its  impression.  When  the  eye, 
therefore,  is  turned  from  the  red  wafer 
to  the  white  paper,  tlie  excited  portion 
of  the  retina  is  insensible  to  the  red 
rays  in  the  white  paper,  and,  conse- 
quently, sees  that  colour  which  arises 
from  the  union  of  all  the  other  rays  but 
the  red,  that  is,  a greenish  blue.  The 
same  explanation  applies  to  all  the 
other  colours.  If  the  wafer  is  white 
and  placed  upon  a dark  ground,  the 
accidental  colour  must  be  black ; be- 
cause the  enfeebled  portion  of  the  re- 
tina is  insensible,  as  it  were,  to  all  the 
colours  which  compose  white  light. 
When  the  wafer  is  black  upon  a white 
ground,  the  portion  of  the  eye  upon 
which  the  image  falls,  in  place  of  being 
enfeebled,  is  refreshed  by  the  absence  of 
light,  while  the  rest  of  the  retina  around 
it  is  enfeebled  by  the  white  light  of  the 
paper.  Hence,  when  the  eye  is  turned 
upon  a white  ground,  it  will  see  a por- 
tion whiter  than  the  rest,  so  that  the 
accidental  colour  of  black  is  white. 
La  Place's  theory  of  accidental  colours, 
which  we  cannot  pretend  fully  to  un- 
derstand, is  given  by  Haiiy  in  the  follow- 
ing words : — “ He  supposes  that  there 
exists  in  the  eye  a certain  disposition 
in  virtue  of  which  the  red  rays  com- 
prised in  the  whiteness  of  the  ground, 
are,  at  the  moment  when  they  arrive  at 
that  organ,  in  a manner  attracted  by 
those  which  form  the  predominant  red 
colour  of  the  circle,  so  that  the  two 
impressions  become  blended  into  one, 
and  the  green  colour  finds  itself  at 
liberty  to  act  as  though  it  existed  alone. 
According  to  this  method  of  conceiving 
things,  the  sensation  of  the  red  decom- 
poses that  of  the  whiteness,  and  while 
the  homogeneous  actions  combine  to- 
gether, the  action  of  the  heterogeneous 
rays  which  are  disengaged  from  the 
combination  produces  its  effect  sepa- 
rately." • 

Wnen  a strong  impression  of  white 
light  is  made  upon  the  eye,  a succes- 
sion of  remarkable  spectra  is  visible. 
When  the  sun  was  near  the  horizon,  M. 
Aipinus  fixed  his  eye  steadily  upon  it  for 
fifteen  seconds.  Opon  shutting  his  eye 
he  saw  an  irregular,  pale,  greenish  yel- 
low image  of  the  sun  surrounded  with 

* Dr.  Ortrory’t  tr«BiUlioa  of  HAor’i  Tnili  4$ 
Pkyt.  Tol.  iL  p/4M. 
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a faint  red  border.  When  he  opened 
his  eye  and  turned  it  to  awhile  eround, 
the  image  of  the  sun  was  brownith  red, 
and  its  border  $hy  blue.  With  his 
eye  again  shut,  the  image  appeared 
green,  and  the  border  a red  different 
from  the  last.  On  opening  his  eye,  and 
turning  it  to  a white  ground  as  before, 
the  image  was  more  red  than  formerly, 
and  the  border  a brighter  eky  blue. 
His  eye  being  again  shut,  the  image  was 
green,  approacliing  to  sky  blue,  and  the 
Mrder  a red  still  differing  from  the 
former.  When  his  eye  was  again  open- 
ed upon  a white  ground,  the  image  w.as 
still  red,  and  its  bonier  sky  blue,  but 
with  different  shades  from  the  last  At 
the  end  of  four  or  five  minutes,  when 
his  eye  was  shut,  tlie  image  was  a fine 
sky  Blue,  and  the  border  a brilliant  red ; 
and  upon  opening  his  eye  as  formerly 
upon  a white  ground,  the  image  was  a 
bnlliant  red,  and  the  border  a fine  sky 
blue.* 

Experiments  of  a similar  kind  were 
made  by  Dr.  Brewster,  by  looking  at  a 
brilliant  image  of  the  sun's  disk  formed 
by  a concave  reflector.  With  his  right 
eye  tied  up,  he  viewed  this  luminous 
disk  with  the  left  through  a blackened 
tube,  to  prevent  any  extraneous  light 
from  falling  upon  the  retina.  When 
the  retina  was  highly  excited  by  this 
intense  light,  he  turned  his  left  eye  to 
a white  ground,  and  perceived  the  fol- 
lowing spectra  by  alternately  opening 
and  shutting  the  eye. 

vHh  th«  left  Eje  Of  Speotna  ili«  Ml  Eje  that. 

1.  Pink  lurrounded  with  Green,  Green. 

9.  Orange  mixed  with  Pink  Bine. 

3.  Yellowish  Brown Bluish  Pink. 

4.  Yellow Lighter  Blue. 

5.  Pure  Red Sky  Blue. 

6.  Orange Indigo. 

These  spectra  were  always  surround- 
ed with  a ring  of  the  accidental  colour.t 

The  phenomena  above  described, 
prove  that  the  common  theory  of  acci- 
dental colours  is  true  only  w ith  weak 
degrees  of  light,  for  in  the  preceding 
experiments  the  spectrum  ought  to 
have  been  black. 

If  when  one  of  these  spectra  is  visi- 
ble we  press  the  eye  to  one  side,  the 
spectrum  will  appear  to  be  absolutely 
immovable,  if  the  experiment  is  not 
made  with  much  attention;  and  upon 
this  imperfect  ohsenation.  Dr.  Wells 
and  others  have  founded  strange  theo- 


• Sm  Xov.  Comment.  Prtrop.  tom.  i.  p.  983. 
t Edenhnrgh  Xncuclopadio,  Art.  AQt\4ntat 
hms  toL  i.  p.  90. 


lies.  It  will  be  found,  however,  by 
ressing  both  the  eyes  at  once,  and  by 
ue  attention  to  the'ir  corresponding 
motions,  tliat  the  spectrum  docs  move, 
and  that  it  is  seen  by  the  eye  in  the  same 
manner  as  if  it  were  the  image  of  an 
external  object,  conformably  to  the  law 
of  visible  direction.* 

By  means  of  pressure  upon  the  eye- 
ball, ocular  spectra  may  be  produced ; 
and  when  spectra  produced  by  exter- 
nal impressions  of  light  .are  seen  by  the 
eye,  their  colours  are  changed  by  pres- 
sure on  the  eyeball.  The  pressure  of 
the  blood  vessels  on  the  back  of  the 
eye  often  produces  spectra,  in  particu- 
lar states  of  the  stomach.  In  slight 
affections,  tliese  si>ectra  are  floating 
ma.sses  of  blue  light,  which  appear  anil 
disappear  in  succession ; hut  in  severe 
ones,  they  become  gi  ecn,  and  sometimes 
rise  to  yellow.  Hence  it  follows,  that 
pressure  upon  the  retina  creates  tlie 
sensation  of  light  and  colours. 

15.  Colours  produced  by  the  unequal 
action  of  light  upon  the  eyes. — If  we 
hold  a slip  of  while  paper  vertically 
about  a foot  from  the  eye,  and  direct 
both  eyes  to  e.n  object  at  some  distance 
beyond  it,  so  as  to  see  the  slip  of  paper 
double,  then  when  a candle  is  brought 
near  the  right  eye,  so  as  to  act  strongly 
upon  it,  while  the  left  eye  is  protected 
from  its  light,  the  left-hand  slip  of  paper 
will  be  of  a tolerably  briglit  green 
colour,  while  the  right-hand  slip  of  pajier 
seen  by  the  left  eye  will  lie  of  a red 
colour.  If  the  one  image  overlaps  the 
other,  the  colour  of  the  overlapping 
parts  w ill  be  white,  arising  from  a mix- 
ture of  the  complementary  red  and 
green.  When  equal  candles  are  held 
equally  near  each  eye,  each  of  the  ima- 
ges of  the  slip  of  paper  is  white.  If 
when  the  paper  is  seen  red  and  green 
by  holding  the  candle  to  the  right  eye, 
we  quickly  take  it  to  the  left  eye,  we 
shall  find  that  the  left  image  of  the  slip 
of  paper  gradually  changes  from  green 
to  red,  and  the  nght  one  from  red  to 
green,  both  of  tJiem  having  the  same 
tint  during  the  time  that  the  change  is 
going  on.  This  beautiful  experiment 
was  first  made  by  Mr.  Smith,  surgeon 
in  Kinguissie,+  and  seems  to  confirm 
the  observation  made  by  Dr.  Brewster, 
in  the  article  on  accidental  colours 
already  quoted,  that  in  certain  highly 
excited  states  of  one  eye,  the  reverse  im- 

• F.di.bsrgh  Jorrsat  of  Soince,  No.  iit.  p.  I, 
tod  No.  I.  pT  S65. 

r gduifprpA  Jowsai  of  Stiesoo,  No.  u.  p.  59. 
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pression  may  be  conveyed  from  the  one 
eye  to  the  other.  In  order  to  ascertain 
if  this  was  the  case,  we  placed  a blue 
glass  in  front  of  the  unexcited  eye  that 
gave  the  red  colour,  and  the  eifect  of 
this  was  to  convert  the  green  image 
seen  by  the  otlier  eye  into  a greenish 
sulphur  yellow  colour.  In  this  case, 
the  right  eye  must  have  had  its  image 
modified  by  the  image  in  the  left  eye. 
If  in  the  preceding  experiment  we  sub- 
stitute a candle  in  place  of  the  slip  of 
paper,  the  green  image  of  the  candle 
seen  by  the  excited  eye,  will  appear  to  be 
surrounded  with  a briglit  blue  margin. 

16.  Ingetifiibility  of  certain  eyes  to 
particular  colours. — Various  cases  have 
been  described,  in  which  persons  capa- 
ble of  performing  the  most  delicate 
functions  of  vision,  are  unable  to  distin- 
gtiish  particular  colours,  and,  what  is 
certainly  a remarkable  fact,  this  imper- 
fection runs  in  families.  Mr.  Huddart 
mentions  in  the  Phil.  Tra;i^.  for  i 777, 
the  case  of  one  Harris,  a shoemaker  at 
Allonby,  in  Cumberland,  who  could 
only  distinguish  black  and  uikite.  He 
was  unable,  when  a child,  to  distinguish 
the  cherries  on  a tree  from  the  leaves, 
bj'  any  other  means  than  their  shape 
and  size ; and  was  surprised  to  find  that 
his  companions  could  discern  them  at  a 
much  greater  distance  than  he  could, 
although  he  saw  objects  in  general  as 
well  as  they  did.  He  had  two  brothers, 
almost  equally  defective,  one  of  whom 
constantly  mistook  orange  for  grass 
green,  and  light  green  for  yellow.  He  had 
two  other  brothers  and  sisters  who,  as 
well  as  their  parents,  had  no  such  defect. 

Another  case  of  a Mr.  Scott  is  de- 
scribed hy  himself  in  the  Phil.  Trans. 
for  1778.  He  did  not  know  any  green 
colour ; a pink  colour  and  a pale  blue 
were  perfectly  alike  to  him.  A full  red 
and  a full  green  were  so  alike,  that  he 
often  thought  them  a good  match  ; but 
yellows,  light,  dark,  and  middle,  and  all 
degrees  ot  blue,  except  pale  sky  blue,  he 
knew  perfectly  well,  and  he  could  discern, 
with  particular  niceness,  a deficiency 
in  any  of  them : a full  purple  and  a 
deep  \)\ue,  however,  sometimes  baffled 
him.  Mr.  Scott's  father,  his  maternal 
uncle,  and  one  of  his  sisters,  and  her 
two  sons,  had  all  the  same  defect. 

Our  illustrious  countr\’men,  Mr.  Du- 
g^d  Stewart,  Mr.  Dalton,  and  Mr. 
Troughton,  experience  the  same  inabil- 
ity to  distinguish  certain  colours.  Mr. 
Stewart,  we  believe,  first  perceived  this 
defect  when  one  of  his  family  was 


calling  his  attention  to  the  beauty  o? 
the  fruit  of  the  Sil>erian  crab,  whicn  he 
could  not  distinguish  from  the  leaves, 
but  by  its  form  and  size.  Mr.  Dalton 
cannot  distinguish  blue  from  pink  by 
daylight ; and  in  the  solar  spectrum  the 
red  is  scarcely  visible,  the  rest  of  it 
appearing  to  consist  of  tsvo  colours, 
yellow  and  blue.  Mr.  R.  Tucker,  son  of 
Dr.  Tucker,  of  Ashburton,  mistakes 
orange  for  green,  like  one  of  the  Hjit- 
rises.  He  cannot  distinguish  blue  from 
pink,  but  always  knows  yellow.  He 
describes  the  colours  of  the  spectrum  as 
follows : 


1.  Red,  mistaken  for Brown. 

2.  Orange Cirecn. 

3.  Yellow  gencrnlly  knovtn,  but 

sometimes  taken  for Orange. 

4.  Green,  mistaken  for  Oiange. 

5.  Blue Pink. 

6.  Indigo Purple. 

7.  Violet Purple. 


Mr.  Harvey  has  described  in  Uic 
Edinburgh  Transactions  Uie  case  of  a 
tailor,  now  alive,  and  aged  sixty,  who 
could  distinguish  with  certainty  only 
white,  yellow,  and  grey.  On  one  occa- 
sion he  repaired  an  article  of  dress 
with  crimson^  in  place  of  black  silk  ; 
and  on  another  occasion  he  patched  the 
elbow  of  a blue  coat  with  a piece  of 
crimson  cloth.  He  regarded  Indigo  and 
Prussian  blue  as  black  ; he  considered 
purple  as  a modification  of  blue ; and 
green  puzzled  him  extremely.  The  dark- 
er kinds  he  considered  to  be  brown,  and 
the  lighter  kinds  as  pale  orange.  He  ex- 
perienced no  difficulties  with  good  yel- 
lows. His  notions  of  orange  were  im- 
perfect. The  reddish  oran^s  he  termed 
brown,  and  the  lighter  kinds  yellow. 
He  considered  carmine,  lake,  and  crim- 
son to  be  blue.  The  solar  spectrum  he 
regarded  as  consisting  only  of  yellow 
and  light  blue.  None  of  the  family  of 
this  person  had  the  same  defect. 

Dr.  Nicol  has  recorded  a case  in 
the  Medico^Chirurgical  Transactions^ 
where  a person  who  was  in  the  navy 
purchased  a blue  uniform  coat  ana 
waistcoat,  with  red  breeches  to  match 
the  blue ; and  he  has  mentioned  a second 
case,  in  which  the  defect  was  derived 
through  the  father ; and  a third,  in  which 
it  descended  through  the  mother. 

In  the  case  of  a gentleman  in  the 
prime  of  life,  on  whom  we  have  our- 
selves made  experiments,  only  two 
colours  were  perceived  in  the  spectrum 
of  four  colours,  in  whicli  there  was 
only  red,  green,  blue,  and  violet.  Thu 
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colours  which  he  saw  were  blue  and 
Whenever  Uie  colours  of  the 
spectrum  were  absorbed  by  a reddish 
^lass,  exceptinj'  red  and  dark  p*een,  he 
saw  only  one  colour,  viz.  yellow  or 
oraoire,  which  he  could  not  distinguish. 
Wlten  the  middle  of  the  red  space  was 
absorbed  by  a blue  glass,  he  saw  the 
!)lack  line,  with  wliat  he  called  the  yel- 
low’ on  each  side  of  it. 

In  these  various  ca.ses  the  persons 
art'  iuKPPfnble  to  rpd  and  all  the 

colours  into  which  it  enters.  Mr.  Dalton 
thinks  it  probable,  that  the  red  light  is, 
in  these  cases,  absorbetl  by  the  vitreous 
humour,  which  he  supposes  may  have 
a blue  tint  If,  which  is  probable,  the 
choroid  coat  be  essential  to  vision,  we 
may  ascrilie  tlie  loss  of  red  light,  in  cer- 
tain eyes,  to  the  retina  itself  having  a 
blue  tint.  If  the  dissection  of  the  eye  of 
any  persoh  who  possesses  this  peculia- 
rity shall  not  establish  any  of  these  tw  o 
suppositions,  we  must  content  ourselves 
w ith  supposing  that  the  retina  is  insen- 
sible to  the  colours  at  one  end  of  tlie 
S]>cctrum,  just  as  the  ear  of  certain  per- 
sons has  been  proved,  by  Dr.  Wollaston, 
to  l>e  insensible  to  sounds  at  one  extre- 
mity of  the  scale  of  musical  notes,  while 
it  is  perfectly  sensible  to  all  other  soundi. 

Chapter  XV  III.  Exjdanati on  of  Na^ 
tnrnl  Phenomena  — 1.  Rainbow  — 2. 
H(tlos  and  Parhelia — 3.  Phenomena  of 
the  Mirn^e^  or  Vnusnal  Refraction — 
4.  Colours  of  I^atural  Bodies  — 5. 
Colours  of  the  Atmosphere — 6.  Co- 
loured Shadows -^7.  Converging  and 
Diverging  beams. 

1 . On  the  Rainbow.  — The  rainbow 
consists  of  two  bows,  or  arches,  ex- 
tended across  tlie  part  of  the  sky  which 
is  opposite  to  the  sun,  and  glowing  with 
all  the  colours  of  the  prismatic  spec- 
trum. The  principal  rainbow,  or  the 
innermost  of  the  l)o\vs,  which  is  most 
commonly  seen  by  itself,  is  part  of  a 
circle  who<:e  diameter  is  82°,  and  is 
nothing  more  than  an  infinite  number 
of  prismatic  spectra  of  the  sun  ar- 
rangeil  in  the  circumference  of  a circle ; 
the  colours  being  the  very  same,  and 
occupying  the  same  space  as  in  the 
yieclnim  prtKlueed  from  the  sun's  light 
The  red  rays  form  the  outermost  portion, 
and  the  violet  rays  the  innirmost  portion 
of  the  bow.  The  spcfmdaj'y,  or  extemal 
bow,  is  much  fainter  than  the  other,  and 
has  the  violet  outermost,  and  the  red 
innermost : it  is  part  of  a circle  1 U4*  in 
diameter. 


As  this  interesting  phenomenon  is 
never  seen  unless  when  the  sun  is  shin- 
ing, and  when  rain  is  falling  between 
the  spectator  and  the  part  of  the  horizon 
where  the  bow’  is  seen,  it  has  been  uni- 
versally ascribed  to  the  decomposition 
of  the  w hite  light  of  the  sun  by  the  re- 
fraction of  the  drops  of  rain,  and  their 
subsequent  reflexion  within  the  drops ; 
and  this  supposit  ion  is  sufficiently  proved 
by  the  fact,  tliat  rainbows  are  produced 
by  the  spray  of  waterfalls,  and  may  be 
made  artificially,  by  scattering  water 
with  a brush  or  syringe  when  the  sun 
is  shining. 

In  order  to  explain  the  production  of 
the  rainbow,  let  us  suppose  that  the 
obsener,  placed  at  K,//^.  48, is  looking 
through  a shower  of  rain  at  the  part  of 
the  sky  opposite  to  the  sun  wlien  he  is  free 
from  clouds.  Let  A be  a drop  of  rain, 
and  S R a ray  of  the  sun  falling  upon  the 
up|>er  side  ot  it,A  R.  Tliose  rays  which 

f>ass  through  the  middle  of  the  drop  w ill 
all  upon  it,  and  form  an  image  of  the 
sun  in  the  focus  of  the  drop,  as  explained 
in  Chap.  iii.  p.  9,  and  therefore  we  con- 
sider only  those  which  fall  obliquely  on 
the  drop.  Some  of  the  rays  of  the 
beam  S 11  will  suffer  reflexion  at  K, 
but  the  greater  number  will  enter  tlie 
drop,  and  suffer  refraction.  The  violet 
light  of  the  l)eam  will  be  refracted  in 
the  direction  R v,  and  the  red  in  the 
direction  H r,  all  the  intermediate  co- 
lours lying  between  these  two.  Some 
of  these  rays  will  pass  out  of  the  drop 
at  V and  r,  being  refracted  a secemd 
time ; but  none  of  them  can  reacli  the 
eye  at  E.  Those,  however,  which  suffer 
reflexion  at  r r will  return  through  the 
drop,  the  red  ray  It  r in  the  dirwlion 
r r',  and  the  violet  rav  R r in  the  di- 
rt*ction  v v\  and  expeneticing  a second 
refraction  at  the  points  P r',  they  will 
issue  from  the  drop,  and  proceed  to  the 
eye  of  the  observer  at  E ; who  w ill  then 
see  all  the  prismatic  colours  !>etw cen  r'  E 
and  E projccteil  on  the  opposite  sky. 
Those  drops  of  ruin  winch  are  directly 
betwi'en  the  observer  E,  and  the  point  of 
the  sky  opjwsite  to  the  sun,  will  form 
the  iijiner  part  of  the  coloured  arch ; 
those  drops  which  are  to  the  right  liaiid 
of  the  observer,  and  near  the  ground, 
will  fonn  the  right-hand  extremity  of 
the  bow;  and  lliose  to  the  left  hand  of 
the  observer,  and  near  the  gi  ound,  w ill 
form  the  left-hand  extivmity  of  the  l>ow* 
Drops  having  an  intermediate  jMisition, 
and  an  intermediate  height,  will  form 
Uiu  intermediate  parts  of  Uie  bow.  If 
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rainbow  would  form  a complete  circle,  drops  of  rain. 

the  centre  of  which  is  diametrically  If  the  rays  / K,  t>'  E were  to  be  a 
opposite  to  the  sun.  It  will  be  found,  second  time  reflected  at  the  points  ¥ 
cither  by  calculation  or  projection,  that  and  «/,  they  would  suffer  their  secoml 
the  inclination  of  the  red  ray  r'  E to  refraction  a little  below  R.  and  would 
the  violet  ray  S R is  4 2',  while  that  entirety  escape  from  the  observer  at  K. 

of  the  violet  ray  o'  E to  >S  R is  4U<>  17';  But  though  this  is  the  case  with  rayi 
so  that  the  breadth  of  the  rainbow  is  SR  that  enter  at  the  side  of  the  ih'op 
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iu^est  from  E,  yet  it  is  otherwise  with  The  two  rainbows  ate  shown  mfig.  50., 
those  that  enter  on  the  side  nearest  where  r'  r'  r"  is  the  red,  and  o'  o'  o'  the 
E,  as  shown  in /If.  49.  The  ray  S'R  violet  circle  of  the  first  bow ; and  r r r 
refracted  at  R,  and  suffering  reflexion  the  red,  and  o o ti  the  violet  of  the  se- 
at r,  0 and  r',  o',  will  emerge  at  r",  o",  condary  bow. 

and  reach  the  eye  of  tlie  observer  If  we  suppose  the  r^s  o'o",  r'r",y^. 
at  E.  The  incUnation  of  the  violet  49,  to  suffer  a third  reflexion,  it  may  be 
ray  o E,  to  S R will  now  be  54®  10',  shown  tliat  a third  bow  will  be  formed, 
arid  that  of  the  red  ray  50®  58';  and  but  it  will  be  between  the  observer  and 
hence  the  breadth  of  the  bow  will  thesun,  with  a diameter  of  80®  40',  and  it 
be  54®  10'  — 50®  58'=  3®  12'.  This  will  be  formed  by  drops  of  rain  ie/ireen 
bow,  which  is  called  the  secondary  rotn-  the  obterver  omd  the  sun.  Inlikemanner. 
bou>,  will  be  without  the  primary  one,  if  we  suppose  the  rays  to  be  four  times 
and  will  have  the  colours  reversM,  the  reflected  within  the  drop,  they  will  form 
violet  beingiippermost  and  the  red  nn-  a fourth  bow,  whose  diameter  will  be 
dermost.  Tire  breadth  will  be  nearly  91®  6'.  None  of  these  bows,  however, 
twice  as  peat  as  that  of  the  primary  have  been  seen  ; both  on  account  of  the 
bow ; but  its  light  will  be  much  less  in-  fiuntness  of  the  light  which  forms  them, 
tense,  in  consequenee  of  tlie  rays  by  and  from  the  circumstance  of  their 
which  it  is  formed  having  suffered  two  light  being  more  overpowered  by  the 
reflexions  within  the  drop,  the  effect  of  sun's  rays  than  if  they  were  opposite  to 
which  is  often  to  render  the  outer  bow  that  luminary.  The  following  Table 
invisible.  This  secondary  rainbow,  con-  shows  at  one  view  the  proportions  of 
sequently,  is  formed  by  two  rejlexioju  and  these  rainbows. 
two  re/ractioru  of  the  drops  of  rain. 

N*.«rR«SnlM.  M—  TStnMtg  rfllw  Brw.  VaMarn. 

Primary  Rainbow 1 8*“  18' Oppoaite  the  Sun. 

Secondary  Rainbow 3 105"  S' Oppoaite  the  Sun. 

Tertiary  Rainbow 3 80"  40' Round  the  Sun. 

Quaternary  Rainbow 4 91"  6' Round  the  Sun. 

■When  no  rain  is  falling  between  the  primary  coloured  arches,  separated  by  an 
observer  at  O,  and  the  part  of  the  sky  arch  of  white  light.  Hence  in  summer, 
through  which  the  bow  passes,  apart  of  when  the  sun's  diameter  is  least,  the 
the  bow  will  lie  wanting  at  that  place ; so  colours  of  the  rainbow  are  more  con- 
that  portions  of  rainbows  are  frequently  densed  and  homogeneous  than  in  win- 
seen,  particularly  near  the  horizon.  ter ; when,  from  tlie  size  of  his  disk  being 
When  the  prismatic  spectrum  is  a maximum,  the  yellow  and  blue  wiU 
formed  from  a very  narrow  pencil  of  be  more  copious.  If  a rainbow  should 
light,  the  yellow  and  blue  colours  dis-  appear  when  the  sun  is  eclipsed,  the 
appear  almost  wholly ; and  when  it  is  colours  of  the  bow  would  be  more  homo- 
formed  from  a broad  disk  or  band  of  geneous  in  one  part  than  in  anotlier. 
light,  whose  breadth  exceeds  the  angular  The  following  will  be  the  character  of 
separation  of  the  red  and  violet  rays,  the  the  primary  rainbows  seen  in  the  differ- 
green  will  disappear,  and  there  will  be  two  rent  planets. 

C«)0m. 

MERCuav. — Red,  orange,  yellow,  white,  greenish  blue,  indigo,  violet. 

Earth. — Red,  orange,  yellow,  blue,  indigo,  violet. 

Satcrh. — Red,  orange,  green,  indigo,  and  violet. 

Within  the  primary  rainbow,  and  Lunar  rainbows  have  been  occasion- 
immediately  in  contact  with  it,  there  ally  seen ; but  they  differ  in  no  respect 
have  been  seen  what  are  called  super-  from  those  formed  by  the  solar  rays, 
numerary  rainbows,  each  of  these  bows  excepting  in  the  feintness  of  their  light, 
consisting  of  red  and  green.  On  the  In  the  autumn  of  1814  wc  saw  in  a 
29th  July,  1813,  we  were  fortunate  dense  fog,  near  Heme,  a fog-bow,  which 
enough  to  see  four  of  these.  The  red  resembled  a nebulous  arch,  in  which 
of  the  first  supemumeran  bow  was  in  the  separation  of  the  colours  could  not 
contact  with  the  violet  of  the  primary  be  distinguished, 
bow,  and  this  was  followed  by  green,  red,  2.  Halos  and  Parhelia. — A halo  is  • 
green,  red,  green,  red,  ^en,  red.  M.  circle,  (either  composed  of  white  light, 
Dicquemarre  observed  similar  supernu-  or  consisting  of  the  prismatic  colours,) 
meraiy  rainbows  on  the  outside  of  the  which  is  occasionally  seen  round  the 
secondary  bow.  These  bows  have  not  sun  or  moon.  When  one  or  more  halos 
been  satisfactorily  explained.  are  seen  round  the  sun,  they  are  geue- 
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pdly  accompanied  with  parhelia,*  or  float  in  the  atmosphere.  Owing  to  the 
mock  suns,  wliich  appear  at  the  places  dazzling  effect  of  the  sun’s  rays,  the 
where  two  halos,  or  arches  of  luminous  halos  which  surround  his  disk  may  be 
circles,  intersect  each  other.  seen  to  most  advantage  when  he  is 

The  large  white  halo,  called  in  Scot-  seen  by  reflexion  in  a pool  of  water, 
land  a brouf’h,  generally  appears  round  One  of  the  most  curious  and  best 
the  moon  in  cold  weather,  when  tlie  sky  described  combinations  of  halos  and 
is  of  an  uniform  misty  tint ; and  the  piirhelia  was  observed  by  Hevelius,  at 
prismatic  halos,  generally  called  corunep,  Dantzic,  on  Sunday,  the  20th  Febniaiy, 
which  are  seen  round  the  sun  and  1661,  New  Stile.  It  is  represented  m 
moon,  are  commonly  seen  in  fine  wea-  Jig.  51,  and  has  been  thus  described  by 
tiler,  when  wliite,  thin,  fleecy  clouds  Hevelius.* 


" A little  before  eleven  0 clock,  the  sun  the  former  lesser  circle,  G B 1 C,  and 
Iwing  towards  the  south,  and  the  skj  extended  itself  down  to  the  horizon, 
very  clear,  there  appeared  seven  suns  It  was  very  strongly  coloured  in  its 
together,  in  several  circles,  some  white  upper  part,  but  was  somewhat  duller  and 
and  some  coloured  ; and  these  with  very  fainter  on  each  side.  4th.  At  the  tops 
long  tails,  waving  and  pointing  from  the  of  these  two  circles,  at  G and  H,  were 
true  sun,  together  with  certain  white  two  inverted  arches,  whose  common  cen- 
arches  crossing  one  another.  1st.  The  tre  lay  in  the  zenith,  and  these  were 
true  sun  at  A,  being  about  250  high,  very  bright  and  beautifully  coloured, 
was  surrounded  almost  entirely  by  a The  diameter  of  the  lower  arch,  Q G R, 
circle  whose  diameter  was  45®,  and  was  90®,  and  that  of  the  upper  one, 
which  was  coloured  like  the  rainbow,  T H S,  was  45®.  In  the  middle  of  the 
with  purple,  red,  and  yellow,  its  under  lower  arch  at  G,  where  it  coincided  with 
limb  being  scarcely  2.1®  above  the  hori-  the  circle  BG  C,  there  appeared  another 
zon.  2d.  On  each  side  of  the  sun,  at  B mock  sun ; but  its  light  and  colours 
and  C,  towards  the  west  and  east,  there  were  dull  and  faintish.  5th.  There  ap- 
appeared  two  mock  suns  coloured,  peared  a circle,  B C E F D,  much  bigger 
especially  towards  the  sun,  with  very  than  the  former,  of  an  uniform  whitish 
long  amt  splendid  tails,  of  a whitish  co-  colour,  parallel  to  the  horizon,  at  the 
lour,  terminating  in  a point.  3d.  A far  distance  of  25®,  and  1.30®  in  diameter, 
greater  circle,  Y X H V Z,  almost  90®  which  arose,  as  it  were,  from  the  colla- 
in  diameter,  encompassed  the  sun,  and  teral  mock  suns  B and  C,  and  passed 

* From  two  Orock  words  ligiufiriiis  soar  tbs  Sim.  * Appowdix  to  hii  Mtrtwrim  io  SoU  giror,  p.  174. 
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through  three  other  p.irhelin,  of  an  iini- 
fnrin  wliitisti  colour,  like  silver ; one  at 
I),  almost  90®  from  the  true  sun,  towards 
the  east;  another  at  E,  towards  the 
west ; and  a third  at  F,  in  the  north, 
diametrically  opposite  to  the  true  sun. 
all  of  the  same  colour  and  brightness. 
There  passed  also  twootherwhite  arches, 
E N,  D P,  of  the  greatest  circle  of  the 
sphere,  through  the  eastern  and  western 
mock  suns  E,  D,  and  also  through  K, 
the  pole  of  the  ecliptic.  They  went 
down  to  the  horizon  at  N and  1’,  cross- 
ing the  great  svhite  circle  obliquely,  so 
as  to  make  a white  cross  at  each  par- 
helion ; so  that  seven  suns  appeared  very 
lain  at  the  same  time ; and  if  I could 
ave  seen  the  phenomenon  sooner  from 
an  eminence,  t do  not  question  but  I 
should  have  found  two  more  at  H and  I, 
which  would  have  made  nine  in  all ; for 
there  remained  in  those  places  such  marks 
as  made  this  suspicion  not  improbable. 

“ This  most  delightful  and  extraordi- 
nary sight  lasted  from  30  minutes  past  10 
to  5 1 minutes  past  1 1 ; though  it  had  not 
the  same  appearance  all  tliat  while,  but 
sometimes  one  and  sometimes  another. 
It  appeared  in  the  perfection  of  this  de- 
scription at  about  11  o'clock,  and  then 
degenerated  by  degrees.  The  northern 
mock  sun  at  F vanished  first  of  all, 
together  with  a part  of  its  circle ; the 
other  parhelia,  with  their  arches,  lasted 
till  1 0 minutes  past  1 1 ; then  the  eastern 
mock  sun,  and  after  that  the  western, 
vanished,  with  both  the  crosses.  Soon 
after  this  the  collateral  parhelia  C,  D 
suffered  several  changes ; sometimes  one 
was  brighter  than  the  other,  in  light 
and  colours,  and  sometimes  fainter  and 
darker.  For  at  18  minutes  )>ast  to  the 
eastern  parhelion  at  C vanisheil,  while 
the  western  parhelion  at  B remained 
very  conspicuous ; and  at  24  minutes 
past  11  the  eastern  one  was  very  bright 
again,  and  remained  so,  while  the  west- 
ern one  disappeared  at  40  minutes  past 
11 ; although  this  western  one  had  al- 
most always  tlie  longer  tail.  For  the 
tip  of  it  was  frequently  extended  for  30 
degrees,  and  sometimes  90,  as  far  as  the 
parhelion  E ; but  the  tail  of  the  eastern 
one  C was  scarcely  above  20  degrees. 
At  30  minutfs  past  11  the  pvat  ver- 
tical circle,  Y X H V Z,  destroyed ; 
but  the  inverted  arches  H and  G,  to- 
gether with  the  collateral  partielia  B 
and  C,  continued  to  the  last. 

“ The  figure  of  this  phenomenon  is 
drawn  in  the  same  manner  as  tlie  con- 
ateUatioQs  are  drawn  upon  an  artificial 


globe,  to  be  viewed  by  the  eye  on  the 
outside  of  it  For  by  this  means  every 
thing  is  represented  much  clearer  and 
distincter.  Nevertheless,  the  place  of 
the  observer  was  nearly  under  the  ze- 
nith within  the  circle,  parallel  to  the 
horizon ; so  that  the  true  sun  appealed 
to  him  in  the  meridian,  the  mock  sun  F 
in  the  north,  and  the  oilier  two  at  D 
and  E on  each  hand.  But  if  you  desire 
to  have  this  extraordinary  phenomenon 
represented  a little  plainer ; upon  an  ar- 
tificial globe,  whose  pole  is  elevated  to 
our  latitude  at  Dantzic,  with  the  centre 
A in  the  2d  degree  of  Pisces,  where  tlie 
sun  then  was,  and  with  a semidiameter 
of  22i  degrees,  describe  the  circle 
G B I 0 ; 2.  and  then  the  circle  Y X H 
Y Z,  with  a radius  of  45  degrees;  3. 
and  with  the  same  centre  and  semi- 
diameter of  90  degrees,  draw  the  circle 
N E K D P tlirough  the  two  white  mock 
suns  E.  D ; 4.  and  with  a semidia- 
meter of  221,  the  zenith  being  the  centre, 
draw  the  arch  IllS;  5.  and  also  the 
arch  Q G II,  with  a radius  of  90  degrees, 
upon  the  same  centre;  fi.  and,  lastly, 
the  circle  BEFDC  parallel  to  the 
horizon,  with  a ratlins  of  90  degrees. 
And  the  draught  being  finishtnl  in  tiiis 
manner,  will  appear  very  beautiful  and 
harmonious.” 

In  the  drawing  of  Ibis  phenome- 
non, the  halos  arc  represented  as  cir- 
cles, with  the  sun  in  their  centre ; but 
they  are  in  j^ncral  of  an  oval  form, 
witfer  below  tlian  al>ove.  and  having  the 
sun  nearer  their  upper  than  their  lower 
extremity.  This  is  an  optical  illusion, 
dejjending  on  the  ajiparent  figure  of  the 
sky.  When  the  halo  touches  the  hori- 
zon, its  apparent  vertical  diameter  has 
been  estimated  by  Dr.  Smith  us  divided 
by  the  moon  in  the  proportion  of  about 
two  to  three,  or  four,  and  is  to  the  hori- 
zontal diameter  drawn  through  the  moon 
as  four  to  three  nearly. 

A halo  of  a ditt'erent  kind,  and  exhi- 
biting all  the  prismatic  colours,  wa* 
observed  by  Mr,  Huygens  on  the  I3th 
of  May,  10.52.  “ 1 observed,"  says 

he,  “ a circle  about  the  sun  as  jts 
centre:  its  diameter  was  about  46-^,  and 
its  breadth  the ’same  as  that  of  a com- 
mon rainbow.  It  had  also  the  same 
colours,  thougli  very  weak,  and  scarcely 
discenuble,  but  in  a contrary  order ; the 
nd  Iwing  next  the  sun,  and  the  blue 
being  veiy  dilute  and  whitish.  All  the 
space  within  the  circle  was  possessed  by 
a vapour  duller  than  the  rest  of  the  air ; 
of  such  a texture  as  to  obscure  Uie  sky 
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with  a sort  of  continnwl  cloud,  hut  so 
thin  that  the  colour  of  the  blue  sky 
appeared  throuiih  it.  The  wind  blew 
very  ccntlyfrom  the  north."* 

Our  limits  will  not  permit  us  to  cive 
any  farther  description  of  individual 
halos ; but  the  inquirins;  reader  will 
have  his  curiosity  amply  (rratitied  by 
consulting  the  article  Halo,  in  the 
EJinburffh  Knct/doptedia,  voL  x.  p. 
612;  and  he  will  find  in  the  accounts 
of  the  recent  voyages  of  Captains  Uoss, 
Parry,  and  Scoresbv,  descriptions  of 
several  which  have  been  obsenetl  since 
the  publication  of  the  above  article. 

The  explanations  which  have  hitherto 
been  given  of  this  class  of  phenomena, 
arc  by  no  means  so  satisfactory  as 
might  have  been  exjiccted  in  the  pre- 
sent improved  stale  of  optical  science. 
It  seems,  however,  to  be  satisfactorily 
proved,  that  they  owe  their  origin  to 
the  crystals  of  ice  and  snow  floating  in 
the  atmosphere,  and  in  some  cases  to  the 
action  of  drops  of  rain  of  ditferent  sizes. 

That  crystals  of  ice  do  float  in  the 
atmosphere  is  well  established.  Sir 
Charles  Gieseckd,  w ho  lived  seven  years 
in  Greenland,  describes  tliis  phenomenon 
in  the  following  words ; “ Previous  to 
that  operation  of  nature,  (viz.  the  freez- 
ing of  the  sea,)  the  sea  smokes  like 
burning  turf-land,  and  a fog  or  mist 
arises,  called  frozt  tmoke.  This  cutting 
mist  trequently  raises  blisters  on  the 
face  and  hands,  and  is  very  pernicious 
to  the  health.  It  appears  to  consist  of 
small  particles  of  ice,  and  produces  the 
sensation  of  needles  pricking  the  skin."t 

The  existence  of  such  crystals  in  the 
arctic  regions  being  thus  proved,  there 
can  be  little  doubt  that  they  occur  in 
the  upper  part  of  our  own  atmosphere, 
where  the  cold  is  sufficient  to  freeze  the 
watery  particles  of  w hich  the  clouds  and 
vapours  are  composed.  That  a number 
of  transparent  cry  stals  placed  between 
tire  eye  and  a luminous  body,  will  pro- 
duce halos  round  that  body,  whose 
diameters  will  depend  on  the  refractive 
power,  and  the  retracting  of  the  cry  stals, 
may  be  proved  by  the  following  ex- 
periment, described  by  Dr.  hrew  ster  in 
the  article  Curinsitiea  of  Science,  in 
the  Edinburgh  Enq/cloprrdia,  vol.  xvii. 
p.  *560.  If  w e spread  a few  drops  of  a 
saturated  solution  of  alum  over  a plate 
of  glass,  it  will  quickly  crysliillizc,  co- 
vering the  glass  with  an  imperfect  crust. 


* HtifCliii  f}pera  Potthmmti,p.  3ly6. 

Artirie  Ortrnland,  in  the  J£di»btirgh  EweyeUr 
p04ia,  T«)i.  I.  p.  409,  c«t.  i. 


which  consists  of  flat,  octohedral  cry- 
stals scarcely  visible  to  the  eye.  When 
this  plate  is  held  between  the  sun  or  any 
other  luminous  body  and  the  observer 
whose  eye  must  be  kept  close  behind  the 
smooth  side  of  the  glass  plate,  he  will 
see  three  fine  halos  encircling  the  lu- 
minous body  at  ditferent  distances.  The 
innermost  haloy  which  is  tlie  whitest,  is 
formed  by  the  refraction  of  the  rays  of 
tlie  sun  through  the  pair  of  faces  of  the 
octohedral  crystals  which  are  least 
inclined  to  each  other.  The  aecond 
haloy  which  is  more  coloured,  having 
the  blue  rings  outwards,  is  formed  by 
refraction  through  a pair  of  faces  more 
inclined  to  each  other ; and  the  third 
halOy  which  is  very  large  and  highly 
coloured,  is  formed  by  a pair  of  taces 
constituting  a prism,  with  a still  greater 
refi'acting  angle.  Now  each  individual 
crystal  of  the  alum  forms,  by  means  of 
three  of  tlie  similar  prisms  which  it 
includes,  throe  image's  of  the  sun,  placed 
at  points  120°  distant  horn  one  ano- 
ther, and  in  the  circumference  of  a 
circle  of  which  the  sun  is  the  centre ; 
and  as  the  numerous  minute  crjstals 
with  which  the  plate  of  glass  is  covered, 
have  their  refracting  faces  turned  in 
every  possible  direction,  the  whole  cir- 
cumference of  each  halo  will  be  filled 
up  as  it  were  with  images.  Similar 
effects  may  be  obtained  with  other 
crj’stals ; and  when  they  have  the  pro- 
perty of  double  refraction,  (which  alum 
nas  not,)  each  halo  will  l>e  eitlier 
doubled  when  the  double  refraction  is 
considerable,  or  rendeied  broader  w hen 
the  double  refraction  is  small. 

Having  thus  shown  how  circles  of 
light  may  be  formed  by  viewing  a lu- 
minous body  through  a numl>er  of 
minute  crystals,  we  shall  proceed  to 
give  a brief  sketch  of  tlie  leading 
opinions  which  have  been  entertained 
respecting  the  cause  of  halos. 

Although  Descartes  had  slated  that 
halos  were  producixl  by  crjstals  of  ice, 
yet  itwasHuygens  wlio  first  investigated 
the  form  of  the  crystals,  or  raliier 
masses  of  hail,  which  was  necessary  to 
produce  the  observed  phenomena.  He 
supposes  that  there  are  globular  par- 
ticles of  hail  not  larger  than  luniip 
see<I,  the  outer  poition  of  which  is 
melted  and  in  the  state  of  water,  while 
the  inner  part  or  kernel  is  opa<jue  like 
snow.  These  globules,  he  tliinks,  were 
first  globules  of  soft  snow,  wliich  are 
rounded  by  a continual  agitation  in  the 
air,  aad  thawed  on  Uie  outside  by  tlie 
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heat  of  the  sun.  He  then  shows,  by 
calculation,  that  when  the  shadows  of 
the  globule  is  to  the  radius  of  the 
opaque  kernel  or  nucleus,  as  1 QUO  to 
480,  a halo  45°  in  diameter  will  be  pro* 
duced;  and  that  when  the  proportion  of 
the  same  radii  is  as  1000  to  680,  a halo 
of  90°  in  diameter  will  be  produced. 

In  order  to  explain  the  more  complex 
phenomena,  similar  to  that  shown  in 
Ji^.  51,  Huygens  resorts  to  half  thawed 
cylinders  ot  snow,  ditfering  only  in 
form  from  the  globules  above  described. 
He  considers  the  large  white  circle, 
B R F D C,  51.)  as  formed  by  the 
refleclion  of  the  sun’s  rays  from  the 
outer  surface  of  these  cylinders,  which 
he  supposes  to  have  an  upright  posi- 
tion. Tlie  lateral  parhelia,  B,  C,  he 
ascribes  to  two  refractions  of  the  sun's 
light  through  the  watery  cylinder, 
and  he  regards  the  halos  which  pass 
through  the  parhelia  as  produced  by 
the  round  ends  of  the  upright  cylinders. 
He  considers  the  inverted  arches  T H S, 
Q G R,  as  produced  by  two  refractions 
in  those  cylinders  whose  axes  are 
parallel  to  the  plane  of  the  horizon 
though  not  to  one  another;  the  parhe- 
lia which  appear  in  the  middle  of  these 
arches  being  nothing  else  Uuui  the 
brightest  parts  of  them- 
Tlie  8u(»jcct  of  halos  occupied  like- 
wise the  attention  of  Sir  Isaac  Newton. 
He  considers  the  halo  of  45°  in  dijune- 
ter  us  dilferent  from  the  smaller  pris- 
matic ones,  and  as  “ made  by  refractiem 
in  some  sort  of  hail  or  snow  floating  in 
tlie  air  in  an  horizontal  posture,  llie  re- 
fracting angle  being  about  58°  or  CU°.” 
Sir  Isaac  explains  the  small  prismatic 
halos  by  the  fits  of  easy  reflexion  and 
transmission  in  small  drops  of  water, 
and  he  concludes  that  the  rings  will  be 
greater  or  less  according  as  the  globules 
are  giTater  or  smaller. 

M.  Mariotte  and  Dr.  Young  ascribe 
halos  to  two  refractions  of  equilateral 
prisms  of  snow  having  angles  of  60°,  a 
supposition  which  is  the  more  probable, 
as  ice  actually  crystallizes  in  six-sided 
j)risms.  Manotle,  indeed, obseiwed, that 
llie  filaments  of  hoar  frost  had  three 
c(|ual  faces,  and  exliibited  rainbows 
when  placed  in  the  sun ; and  he  calcu- 
lated that  they  would  produce  a halo 
whose  diameter  was  45°  40',  which  is 
very  near  45°  5u',  the  mean  of  five  ac- 
curate observations.  Dr.  Young  ac- 
counts for  the  lialoof  90°,  by  supposing 
that  a considerable  portion  of  the  light 
may  fall«  alter  passing  through  one 


pnsm,  upon  a second  prism,  so  that 
llie  effect  will  be  doubled,  and  a halo  oi 
90°  produced.  Mr.  Cavendish  has  sug- 
gested, that  this  large  halo  may  l>e 
produced  by  the  refraction  of  the  rect- 
angular termination  of  the  crystals, 
which  would  give  a halo  of  90°  28',  if 
the  index  of  refraction  for  ice  be  1.31  .* 

3.  Phmomena  of  the  Mirage,  or 
unueual  rrfraction. — The  elevation  of 
coasts,  ships,  and  mountains  above 
tlieir  usual  level,  when  seen  in  the  dis- 
tant horizon,  has  been  long  knowm  and 
described  under  the  name  of  Looming. 
The  name  of  Mirage  has  been  applied 
by  the  French  to  the  same  class  of 
)menomena;  and  the  appellation  of 
Fata  Morgana  has  been  given  by  the 
Italians  to  the  singular  appearances 
of  the  same  kind  which  have  been  re- 
peatedly seen  in  the  straits  of  Messina, 
when  the  rising  sun  throws  his  rays 
at  an  angle  of  45°  on  the  sea  of 
Reggio,  and  neither  wind  nor  rain  ruffle 
the  smooth  surface  of  the  water  in  the 
bay,  the  spectator  on  an  eminence  in 
the  city,  w no  places  his  back  to  the  sun 
and  his  face  to  the  sea,  observes,  as  it 
were  upon  its  surface,  numberless  series 
of  pilasters,  arches,  and  castles,  dis- 
tinctly delineated ; regular  columns, 
lofty  towers,  superb  palaces  with  bal- 
conies and  windows ; extended  valleys 
of  trees,  delightful  plains  with  her^s 
and  flocks  ; armies  of  men  on  foot  and 
horseback,  and  many  other  strange 
figures,  in  their  natii^  colours  and 
proper  actions,  passing  one  another  in 
rapid  succession.  When  vapours  and 
dense  exhalations,  rising  to  tlic  height 
of  about  twenty  feet,  accompany  the 
state  of  the  atmosphere  above  describeil, 
then  the  same  objects  are  seen  depicted 
as  it  were  in  the  vapour  and  suspended 
in  the  air,  though  with  less  distinctness 
than  before.  If  the  air  Ik*  slightly  hazy 
and  at  the  same  time  dewy  .and  filt^ 
to  form  the  rainbow,  the  above-men- 
tioned objects  appear  only  at  the  sur 
face  of  the  sea,  but  they  are  all  bril- 
liantly fringed  with  the  prismatic  co- 
lours. This  description  of  the  Fala 
Morgana,  given  by  Antonio  Minasi  so 
recently  as  1793,  is  no  doubt  a little 
overcharged,  but  there  can  be  no  hesi- 
tation in  lielieving  that  tlie  objects  and 
movements  which  existed  on  the  oppo- 
site coast,  were  occasionally  displayed  in 
all  the  grandeur  of  aerial  representation* 

• Smcf*  wriiini;  Ou*  nlivve,  we  hiive  fnuDiI  q*jiidri» 
laiers)  of  jce  with  anfrle*  'f  90‘‘,  w ibit  it  it 
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The  phenomena  of  the  Miraf^  are 
most  frequently  seen  in  the  case  of 
ships  when  they  are  just  beginning  to 
appear  above  the  visible  horizon.  Mr. 
Huddart,  Dr.Vince,  and  Capt.  Scoresby, 
have  described  various  appearances  of 
this  kind,  of  which  the  following  are  the 
most  interesting. 


On  the  1st  of 
"•August,  1798, 
Dr.  Vince  ob- 
served atltams- 
gatc,  a ship 
which  appear- 
ed as  at  A,(Jig. 
52.),  the  toi)- 
mast  being  the 
only  part  of  it 
that  was  seen 
above  the  ho- 
rizon. An  in- 
verted image  of 
it  was  seen  at 
1)  immediately 
above  the  real 
ship  A,  and  an 
erect  image  at 
C,  both  of  them 
being  complete 
and  welt  de- 


fined. The  sea  was  distinctly  seen  be- 
tween them,  as  at  oie.  As  the  ship  rose 
to  the  horizon  the  image  C gradually 
disappeared,  and  while  this  was  going 
on  the  image  B descended,  but  the  main- 
mast of  B did  not  meet  the  mainmast 
of  A.  The  two  images  B,  C were  per- 
fectly visible  when  the  whole  ship  was 
actually  below  the  horizon. 

While  navigating  the  Greenland  sea 
on  the  28th  of  June,  1820.  Captain 
.Scoresby  observed  about  eighteen  or 
nineteen  sail  of  ships  at  the  distance  o^ 
from  ten  to  fifteen  miles.  He  saw  them 
from  the  mast-head,  beginning  to  changb 
their  form.  One  was  drawn  out,  or 
elongated,  in  a vertical  plane ; another 
was  contracted  in  the  same  direction : 
one  had  an  inverted  image  immediately 
above  it.  as  at  a,  (/!g.  53.),  and  two, 
at  b and  r,  had  two  distinct  inverted 
images  in  the  air:  along  with  these 
images  there  appeared  images  of  the  ice, 
as  at  A and  c,  in  two  strata,  the  highest 
of  which  had  an  altitude  of  about  15'. 

In  a later  voyage,  performed  in  1822, 
Capt.  Scoresby  was  able  to  recognise  his 
father's  ship,  when  belotv  thf  horizon, 
from  the  inverted  image  of  it  which 
appeared  in  the  air.  “ It  was,"  says  he. 


" so  well  defined,  that  I could  distinguish 
by  a telescope  every  sail,  the  general 
‘ rig  of  the  ship,'  and  its  particular 
character ; insomuch,  that  I confidently 
pronounerf  it  to  be  my  father's  ship, 
the  Fimte,  which  it  afterwards  provwl 
to  he ; though  in  comparing  notes  with 
my  father,  I found  that  our  relative  po- 
sition, at  the  time,  gave  our  distance 
from  one  another  very  nearly  30  miles, 
being  about  17  miles  beyond  the  hori- 
zon, and  some  leagues  beyond  the  limit  of 
direct  vision.  I was  so  struck  by  the  pecu- 
liarity of  the  circumstance,  that  I men- 
tioned it  to  the  officer  of  the  watch,  sta- 
ting my  full  conviction  that  thei'’ame  was 
then  cruising  in  the  neighbouring  inlet." 

One  of  the  most  curious  phenomena 


of  this  kind  was  seen  by  Dr.  Vince  on 
the  6th  of  August,  1806,  at  7 p.  m.  To 
an  observer  at  Ramsgate,  the  tops  of  the 
four  turrets  of  Dover  castle  arc  usu- 
ally seen  over  a hill  lietween  Rams- 
gate  and  Dover.  Dr.  Vince,  however, 
when  at  Ramsgate,  saw  the  whole 
of  Dover  caetle  as  if  it  had  been 
brought  over  and  placed  on  the  Rams- 
gate side  of  the  hill.  The  image  of  the 
castle  was  so  very  strong  and  well  de- 
fined, that  the  hill  itself  did  not  appear 
through  the  image. 

In  the  sandy  plains  of  Egypt  the  Mi- 
rage is  seen  to  great  advantage  : Tliese 
plains  are  often  interrupted  hy  small 
eminences,  upon  which  the  inhabitants 
have  built  their  villages,  in  order  to 
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e>capetlieinunda<ion.ioftheNile.  Inthe  Ulandi  in  a great  lake,  and  between  each 
morning  and  evening  objects  are  seen  in  village  an  inverted  image  of  it  is  seen, 
their  natnral  form  and  position,  but  when  Our  limits  will  not  i>ermit  us  to  give 
the  surface  of  the  sandy  ground  is  any  farther  examples  of  these  curious 
heated  by  the  sun,  the  land  seems  ter-  phenomena.  We  shall,  therefore,  at- 
roinated  at  a particular  distance  by  a tempt  to  give  a popular  explanation  of 
general  inundation ; the  villages  which  their  cause, 
are  beyond  it  appear  like  so  many 


T,et  S II  .54.)  be  a ship  in  the 
horiron,  and  visible  to  the  eye  at  E,  by 
rays  S E,  H E proceeding  in  straight 
lines  to  E,  through  a tract  of  the  atmo- 
sphere in  its  usual  .state.*  If  we  sup- 
))ose,  what  is  known  to  be  sometimes 
the  case,  that  the  refractive  power  of 
the  atmosphere,  or  air.  above  the  line 
S 0 E varies,  so  as  to  be  less  at  c than 
at  a.  then  rays  S d,  II  c proceeding 
upwards  from  the  ship,  and  that  never 
could  in  the  onlinary  state  of  the  air 
reach  the  eye  at  E,  will  be  refracted 
into  curve  lines  H c,  S d;  and  if  the 
variation  of  refractive  power  is  such, 
that  these  last  rays  cross  each  other  at  t, 
then  the  ray  S d,  m place  ofbeing  the  up- 
permost, will  now  be  the  undermost,  and, 
consequently,  will  enter  the  eye  ns  if  it 
came  from  the  lower  end  of  tile  object. 

If  we  now  draw  lines  E s,  E A tan- 
gents to  these  curve  linos  at  E,  these 
lines  will  be  the  direction  in  which  the 
ship  will  he  seen  by  the  rays  H c,  S d, 
nnd  the  observer  at  E will  see  an  in- 
verted image  s h of  the  ship  S H consi- 
derably elevated  above  the  horizon. 
The  refractive  power  of  the  air  still  con- 
tinuing to  diminish,  other  rays,  H m, 

* >V>  do  not  hrrr  roosiii^r  that  rnjt  ofii|rht  mov- 
me  throoeh  the  atmmpherw  are  tseot  into  ctirre  hors 
when  the  atmosphere  ts  ia  its  osual  state  : becaiue 
the  effect  is  rery  small,  and  the  consideraiioo  of  it 
wonhl  tend  oolj  to  maka  tk«  preaeat  explaAotioo 
more  complex. 


H B,  that  never  could  teach  the  eye  at 
E in  the  ordinarv-  state  of  the  atmo- 
sphere, may  likewise  be  bent  into 
curves  which  will  not  crass  each  other 
before  they  reach  the  eye  at  E.  In  this 
case,  the  tangent  E y to  the  upper  curve 
S n E will  be  uppermost,  and  the  tangent 
E h'  to  the  lower  curve  S m E lower- 
most, so  that  the  observer  at  E will  see 
an  erect  image  «'  h'  of  the  ship  above 
the  inverted  image.  It  is  possible  that 
a third,  and  even  a fourtli  image  may 
be  seen. 

If  the  variation  of  refractive  power 
fakes  place  only  in  the  tract  of  air 
through  which  the  rays  H c,  S d p.iss, 
then  there  may  only  be  an  inverled 
image  ; and  if  it  lakes  place  only  in  the 
tract  through  which  S m,  8 n pass, 
there  may  only  be  an  erect  image.  It 
is  also  obvious,  that  if  the  variation  of 
refractive  power  commences  at  the  line 
joining  the  eye  and  the  horizon,  the  ordi- 
narv image  8 H w ill  not  he  seen  ; and, 
in  like  manner,  it  is  clear  that  the  in- 
verlevl  and  cretd  images  * A,  mav  tie 
seen  even  if  the  real  ship  S U is  below 
the  visible  horizon. 

In  the  case  of  Dover  castle,  the  rays 
from  the  top  and  Ixittom  of  the  castle 
passed  above  the  hill  in  curve  lines, 
and  the  top  of  the  hill  was  seen  by  the 
observer  at  Ramsgate,  by  means  ot  a 
curved  ray  which  reached  the  eye 
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between  the  myi  of  the  top  and  bottom 
of  the  castle. 

That  the  phenomena  of  the  Miraerc 
are  product  by  such  variations  in  the 
refractive  power  of  the  atmosphere  as 
we  have  mentioned,  may  be  proved 
by  actual  experiment : All  the  pheno- 
mena may  be  represented  artificially  to 
the  eye,  and  we  may  even  venture  to 
predict  new  phenomena  which  have  not 
yet  been  witnessed.  If  the  variation  of 
tlie  refractive  power  of  the  air  takes 
place  in  a horizontal  line  perpendicular 
to  the  line  of  vision,  that  is,  from  ri^ht 
to  left,  then  we  may  have  a lateral  Mi- 
rage, that  is,  an  ima^  of  a ship  may 
be  seen  on  the  right  or  left  hand  of  the 
real  ship,  or  on  ^th,  if  the  variation  of 
refractive  power  is  the  same  on  each 
side  of  the  line  of  vision.*  If  there 
should  happen  at  the  same  time  both 
a vertical  and  a lateral  variation  of  re- 
fractive power  in  the  air,  and  if  the 
variation  should  be  such  as  to  expand 
or  elongate  the  object  in  both  direc- 
tions, then  the  object  would  be  ma^ni- 
fied,  as  if  seen  through  a telescope, 
and  might  be  seen  and  recognised  at  a 
distance  at  which  it  would  not  other- 
wise have  been  visible.  If  the  refract- 
ive power,  on  the  contrary,  varied,  so  as 
to  contract  the  object  in  wth  directions, 
the  iroajre  of  it  would  be  diminished  as 
if  seen  through  a concave  lens. 

In  order  to  iwresent  artificially  the 
eftbets  of  the  hlirage,  Dr.  Wollaston 
views  an  object  tlirough  a stratum  of  spirit 
of  wine  lying  above  water,  or  a stratum 
of  water  laid  above  one  of  syrup.  These 
substances,  by  their  gradual  incorpora- 
tion, produce  a refractive  power  dimi- 
nishing from  Uie  spirit  of  wine  to  the 
itaiert  or  from  the  ^rup  to  tJie  water ; 
so  that,  by  looking  through  the  mixed, 
or  the  intermediate  stratum  at  a word 
or  object  held  behind  Uie  bottle  which 
contains  the  fiuids,  an  inverted  image 
will  be  seen.  Tlie  same  effect  Dr.  Wol- 
luslon  has  shown  may  be  produced  by 
looking  along  the  side  of  a red-hot 
poker  at  a word  or  object  ten  or  twelve 
ieet  distant.  At  a distance  less  than 
three-eighths  of  an  inch  from  the  line 
of  the  poker,  an  inverted  image  was 
seen,  and  within  and  without  that  an 
erect  image. 

The  mctliod  employed  by  Dr.  Brew- 
stert  to  illustrate  tnese  phenomena  con- 

• M.M.  J nrioe  aod  Soret  ob»«rre<l  » (net  of  this 
kiod  in  th«  lake  of  Gonevft.  H4iitkuTgh 
Ci0pea>4,  Aft.  Umcji,  toI  it.  p.  6ao. 

t Se«  S4iab»rgk  Sneyftopmdui,  ArL  Hi  at,  t*L  s. 
».975. 


lists  in  holding  a heated  iron  above  a 
mass  of  water  bounded  by  parallel 
plates  of  glass : as  the  heat  descends 
slowly  through  the  fluid,  we  have  a 
regular  variation  of  density  which  gra- 
dually diminishes  from  the  bottom  to 
the  surface.  If  we  now  withdraw  the 
heated  iron,  and  put  a cold  body  in  its 
place,  or  even  allow  the  air  to  act  alone, 
the  superficial  stratum  of  wafer  will 
give  out  its  heat,  so  os  to  produce  a 
decrease  of  density  from  the  surface  to 
a certain  depth  below  it.  Tlirough  the 
me<iium  thus  constituted,  the  pheno- 
mena of  the  Mirage  may  be  seen  in  the 
finest  manner. 

We  have  no  doubt  that  some  of  the 
facts  ascribed  in  the  Western  High- 
lands of  Scotland  to  second  sight, 
have  been  owing  to  the  unusual  refrac- 
tion  of  the  atmosphere,  and  that  the 
same  cause  will  explain  some  of  those 
wonders  wliich  sceptics  discredit,  and 
which  superstitious  minds  attribute 
to  supernatural  causes.  The  beacon 
keeper  of  the  Isle  of  France,  who  saw 
ships  in  the  air  lieforo  they  rose  above 
the  visible  horizon,  may  now  recover  liis 
good  character  in  the  eyes  of  the  former, 
w hile  the  latter  may  cease  to  regard  him 
as  a magician. 

4 . On  the  Colours  of  Natural  Bodies. 
— There  are  lew  of  the  applications  of 
science  to  explain  natural  phenomena 
so  extremely  simple,  and  at  the  same 
time  so  Ix’autiful,  as  that  of  the  co- 
lours of  thin  plates,  to  account  for  all 
that  variety  of  splendid  tints,  which 
colour  the  animal,  the  mineral,  and  the 
vegetable  kingdom.  To  Sir  Isaac  New- 
ton we  ow  e this  explanation  j and  wc 
have  no  hesitation  in  .saying,  that  none 
of  his  discoveries  exhibit  more  penetra- 
tion and  sagacity. 

The  colours  of  bodies  may  be  deduced 
from  those  of  thin  plates,  us  explained 
in  Cliap.  xiii.,  in  the  following  manner, 
and  without  ascribing  any  new  properly 
to  the  particles  of  matter 

1.  Tho<^e  surfaces  of  transparent  bo~ 
dies  reflect  the  greatest  ijuuntity  of  light 
that  have  the  greatest  refractive  powrr^ 
or  that  separate  two  media  which  dtjUr 
most  in  their  refractive  power.  H/nn 
two  fiiedia  hare  the  same  rtfraeiive 
power 1 710  light  is  rejkcted  at  thetr  stpa^ 
rating  surfaces. 

Tins  projiosition  may  be  proved  hy 
many  fads  : chroinate  of  lead  and  f/m- 
mond.  and  the  other  bodies  which  aie 
placed  at  tne  head  of  our  table  of  le- 
^active  powers  in  Chap,  li.,  reflect 
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much  more  light  than  any  of  the  other 
bodies  which  follow  them  in  the  table  ; 
and  water,  ice,  and  tabasheer,  at  the 
foot  of  the  table,  reflect  much  less 
light  than  any  of  the  bodies  which 
precede  them.  In  like  manner,  if  we 
pour  cottar  oil  upon  crown  glatt, 
which  have  nearly  uie  same  refractive 
power,  there  is  almost  no  light  reflected 
from  their  separating  svirface.  If  we 
pour  tu/phuric  arid  on  the  same  glass, 
the  reflective  power  of  the  surface  is  in- 
creased. With  alcohol  it  is  still  farther 
increased ; with  water,  still  farther ; and 
when  the  glass  is  placed  in  air,  the  re- 
flective power  is  a maximum. 

‘1.  The  tmallest  partt  of  almott  all 
natural  bodiet  are,  in  tome  de^ee,  trant- 
parent,  and  the  opacity,  or  imperviout- 
nett  to  light,  of  thete.  bodiet,  aritet from 
the  multitude  of  reflexiont  produced  in 
their  internal  partt. 

Gold  and  silver  leaf  are  both  transpa- 
rent ; and  as  metallic  salts,  and  the  solu- 
tions of  all  metals  are  perfectly  transpa- 
rent, we  may  regard  the  proposition  as 
established  for  the  most  opaque  of  all 
substances.  The  blackest  and  most 
opaque  of  stones,  &e.  become  translu- 
cent, and  even  transparent,  when  a 
strong  light  is  transmitted  through  the 
sharj)  edges  of  small  fragments  of  them. 

3.  Between  the  parts  of  opaque  and 
coloured  bodies  there  are  many  spaces, 
which  are  either  empty  or  are  filed 
with  media  of  different  densities:  at 
water  ,/or  example,  between  the  particles 
with  which  any  liquor  is  coloured ; — 
air  between  the  aqueous  globules  that 
constitute  clouds  and  mists  ; and  for  the 
most  part  space  icilhout  either  water 
or  air,  but  yet  perhaps  not  wholly  with- 
out any  substance,  between  the  ptarts  of 
hard  bodies. 

The  truth  of  this  proposition  may 
be  deduced  from  the  two  preceding 
ones ; for,  by  Prop.  2,  there  are  many 
reflexions  made  by  the  internal  parts 
of  bodies,  which,  by  Prop.  1,  would 
not  happen  if  the  parts  of  those 
bodies  were  continuous  without  any 
interstices  between  them,  and  of  the 
same  refractive  power.  Besides,  many 
transparent  bodies,  such  as  minerals 
and  salts,  become  opaque  when  their 
water  of  crystallization  is  driven  off  by 
heat ; and  many  opaque  bodies  become 
transparent  by  filling  their  pores  with 
water  or  oil.  Hydrophone  and  opaque 
tabasheer  are  perfectly  transp.arenl ; the 
former  when  it  has  absorbed  water,  and 
the  latter  when  it  has  absorbed  oU. 


Paper,  vellum,  and  linen  become  trans- 
parent in  oil ; and  iodine,  a dark,  me- 
tallic, and  opaque  substance,  when 
driven  off  in  vapour  by  heat,  forms  a 
transparent,  purple  coloured  gas. 

4.  The  partt  of  bodies  and  their  in- 
terstices must  not  be  lest  than  of  some 
d^nite  size,  to  render  them  opaque  ana 
coloured. 

The  experiments  in  Chap,  xiii.,  on 
thin  plates,  completely  prove,  that  be- 
low a certain  degree  of  thickness  bodies 
have  no  power  to  reflect  light ; that  is, 
are  black ; and  this  is  finely  illustrated 
by  the  black  down  of  quartz  mentioned 
in  the  same  chapter.  Hence  it  is  clear, 
that  if  the  particles  of  all  terrestrial 
bodies  were  so  small  as,  or  smaller 
than,  the  eight  millionthpart  of  an  inch, 
(nOTias).  object  in  the  animate 
and  inanimate  world  would  be  absolutely 
black,  and  consequently  invisible ; for  the 
sun,  planets,  and  stars  could  only  show 
us  their  own  individual  positions  in  the 
sable  firmament.  The  transparency  oi 
water,  glass,  &c..  Sir  Isaac  Newton 
conceives  to  arise  from  this  — that 
though  they  are  as  full  of  pores,  or  in- 
terstices, Iretween  their  parts  as  other 
bodies  are,  yet  their  parts  and  interstices 
are  too  small  to  eause  reflexion  at  their 
common  surfaces. 

5.  The  transparent  parts  of  bodies, 
according  to  their  several  sizes,  refect 
rays  of  one  colour  and  transmit  those  of 
another,  for  the  same  reasons  that  thin 
plates,  or  minute  particles  of  air,  water, 
and  glass,  refect  or  transmit  those 
rays and  this  is  the  cause  of  all  their 
colours. 

If  a body,  such  as  a film  of  mica, 
appears  all  over  of  one  uniform  colour, 
blue,  for  example  ; then,  if  it  is  cut  into 
threads,  or  broken  into  fragments,  these 
portions  will  still  be  blue  ; and,  conse- 
quently, a heap  of  these  blue  portions 
will  constitute  a mass,  or  powder,  of  a 
blue  colour.  And  as  the  parts  of  all 
natural  bodies  are  like  so  many  frag- 
ments of  a thin  plate,  they  must,  for  the 
same  reasons,  exhibit  the  same  colours. 

This  conclusion  appears  also,  by 
examining  the  similarity  between  the 
colours  of  natural  bodies  and  those  of 
thin  plates.  The  finely  coloured  feathers 
of  the  humming  birds,  and  those  of 
peacocks'  tails,  appear  in  the  very  same 
part  of  the  feather  of  different  colours 
in  different  positions  of  the  eye;  the 
colour  descending  in  the  scale  'as  tliey 
are  seen  more  obliquely,  as  is  the  case 
with  the  colours  of  thin  plates.  Hence 
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Sir  Isaac  Newton  ooncludea,  that  their 
colours  arise  from  the  thinness  of  the 
transparent  parts  of  the  feathers ; that 
is,  from  Uie  slenderness  of  the  very  fine 
hairs  which  grow  out  of  the  sides  of  the 
orosser  later^  branches  of  the  feathers. 
The  finer  webs  of  spiders,  and  the 
transparent  capillary  crystals  of  opo- 
phyllite,  metolile,  and  tcoleziie,  are 
often  so  minute  as  to  appear  coloured. 
Gold  and  silver  leaf  reflect  one  colour 
and  transmit  another;  and  the  infu- 
sions of  various  coloured  woods  appear 
blue  by  reflected,  and  yellow,  orange, 
and  red  by  transmitted  light. 

6.  The  parte  of  bodies  on  which  their 
colours  depend  are  denser  than  the 
mediumwhichpervades  their  interstices. 

This  will  appear  from  the  consider- 
ations, that  the  colour  of  a laxly  de- 
pends not  only  upon  the  rays  incident 
per]H;ndicularly  on  its  parts,  but  also  on 
tho.se  incident  at  all  other  angles ; and 
tliat  a very  little  variation  of  obliquity 
changes  the  reflected  colour  when  the 
thin  plate,  or  particle,  is  rarer  than  the 
surrounding  medium;  insomuch  that 
such  a.  small  particle  will,  at  different 
oblique  incidences,  reflect  all  sorts  of 
colours  in  so  great  a variety,  that  the 
colour  resulting  from  them  all,  con- 
fusedly reflected  from  a heap  of  such 
particles,  ivill  be  a greyish  white. 
Whereas,  if  the  thin  plate  or  particle  is 
much  denser  than  the  surrounding  me- 
dium, the  colours  are  so  little  changed  by 
the  variation  of  obliquity,  that  the  rays 
which  are  reflected  least  obliquely  may 
prerlominate  over  the  rest ; so  much, 
as  to  cause  a heap  of  such  particles 
to  appear  intensely  of  their  colour. 

7.  ihe  size  of  the  component  parts  of 
natural  bodies  may  be  conjectured  from 
their  colours. 

In  order  to  do  this  we  must  suppose 
tlmtthe  particles  have  a given  retractive 
power,  such  as  that  of  air,  water,  glass, 
or  diamond.  For  example,  if  a body 
which  is  likely  to  have  the  same  re- 
fractive power  as  glass  reflects  a green 
of  the  third  order,  its  thickness  wUl  be 
found,  by  the  Table  in  page  33,  to  be  16i 
millionths  of  an  inch.  The  difliculty 
however  consists  in  determining  to  which 
order  the  particular  colour  belongs. 
The  following  rules  are  given  hy  New- 
ton. 

Searlels  and  other  reds,  oranges,  and 
yellows,  are  most  probably  of  the  second 
order,  if  they  arc  pure  and  intense. 
Tlmse  of  t he  first  and  third  order  may  be 
pretty  good,  only  the  yellow  of  the  first 


order  is  faint,  such  as  that  of  dry  straw ; 
and  the  orange  and  red  of  the  third 
order  have  a great  mixture  of  violet  and 
blue.  The  red  of  different  kinds  of  roses 
belongs  to  the  third  order. 

Purest  greens  are  of  the  third  order, 
though  there  m^  be  good  ones  of  the 
fourth  order.  The  greens  of  all  vege- 
tables seem  to  belong  to  the  third  order ; 
for  when  they  wither  they  turn  to  a 
greenish  yellow,  or  to  a more  perfect 
yellow  or  oiange,  or  perhaps  to  a red, 
passing  through  all  these  intermediate 
colours.  These  changes  may  arise  from 
the  exhalation  of  the  moisture,  which 
may  leave  the  colouring  particles  more 
dense.  Tliese  last  colours  arc  too  full 
and  lively  to  be  of  the  fourth  order,  and 
consequently  the  green  tluough  which 
tliey  have  passed  is  likely  to  be  of  the 
third  order. 

The  liest  blues  and  purples  are  of  the 
third  order,  though  some  of  them  may 
be  of  the  second.  The  colour  of  violets 
N ewton  consiilers  as  of  the  third  order, 
because  acids  change  the  syrup  of  vio- 
lets into  a fine  red,  and  alkalis  into  a 
beautiful  green. 

The  azure  colour  of  the  purest  and 
most  transparent  sky  he  supposes  to  be 
of  the  first  order,  and  to  arise  from  par- 
ticles of  va])our  before  they  have  at- 
tained the  size  requisite  to  rweet  other 
colours. 

The  most  intense  and  luminous 
whites  arc  of  the  first  order,  and  those 
which  are  less  strong  and  luminous  are 
a mixture  of  colours  of  several  orders. 
Of  this  last  kind  is  the  whiteness  of 
froth,*  paper,  linen,  and  most  white 
substances.  The  colour  of  white  metals 
seems  to  be  of  the  first  order.  The 
colours  of  gold  and  copper  are  of  the 
second  or  third  order.  The  colour  of 
mercury  is  probably  of  the  first  order. 

Blackness  requires  a smaller  size  of 
particles  than  any  colour,  for  at  all 
greater  sizes  there  is  too  much  light 
reflected  to  constitute  this  colour.  If 
the  particles  are  a little  less  than  what  is 
necessary  to  reflect  the  white  and  very 
faint  blue  of  the  first  order,  they  will 
reflect  so  very  little  light  as  to  appear 

* We  have  retained  froih  in  tku  list,  thca^h  wa 
tbiak  it  (leawastrable  ihat/rotA  owes  iu  whitenews 
like  ibe  powder  or  minate  parte  of  all  transparent 
bodies,  to  its  redertingan  immense  number  of  images 
of  the  IniniDODft  objects  above  and  around  it.  In  the 
open  air  each  of  the  little  spherical  Tesicleo  or  bubbles 
of  which  froth  is  composed,  redecte  an  image  of  the 
sky.  and  all  these  accumulated  images  con»iilole  its 
vAite  colour.  Pounded  glass,  snow,  and  other  l>o«lics 
which  are  transparest,  owt  their  whiteness  to  iho 
lamo  cauM. 
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intensely  black,  and  yet  may,  perhaps, 
refract  it  within  themselves  so  long,  un- 
til it  happen  to  be  stifled  and  lost,  by 
which  means  they  will  appear  black  in 
all  positions  of  the  eye  without  any 
transparency. 

Having  thus  stated,  as  clearly  as  we 
can  in  such  a small  compass,  Newton’s 
celebrated  theory  of  the  colours  of  na- 
tural bodies,  we  shall  lay  before  the 
reader  several  illustrations  and  con- 
firmations of  it  drawn  from  the  disco- 
veries of  modem  science,  together  with 
such  facts  as  may  tie  of  use  either  in 
modiijing  or  extending  the  views  of  our 
great  philosopher. 

1.  One  of  the  most  curious  facts  of 
this  description  was  discovered  by  M. 
Thenard.  Having  obtained  some  very 
pure  photphorut  by  repeated  distilla- 
tions, he  melted  it  in  hot  water,  when 
it  became  of  a whitish  yellow  colour  as 
usual.  When  it  was  allowed  to  cool 
slowly,  and  become  solid,  it  preserved 
this  colour  unchanged,  and  was  semi- 
transparent ; but  when  it  was  thrown 
in  its  melted  state  into  cold  water,  it 
became  sttddenly  opaque  and  absolutely 
black.  Its  nature,  however,  remained  the 
same,  for  when  it  was  melted  again  it 
became  yellow  and  transparent  as  before. 
I n repeating  this  experiment,  M.  Biot  ob- 
.served  a very  curious  fact.  When  the 
melted  phosphorus  was  thrown  into  cold 
water,  some  little  globules  of  it  remained 
yellow  and  liquid,  but  the  instant 
they  were  touched  with  the  end  of  a 
piece  of  glass  tube  they  became  solid 
and  absolutely  black.  As  the  same 
piece  of  phosphorus  can  thus  be  made 
opaque  or  tran.sparent  at  pleasure,  it 
affords  a fine  example  of  the  influence 
of  the  arrangement  of  the  particles,  and 
of  a change  in  their  size  in  producing 
the  opposite  conditions  of  yellowish 
white  and  black. 

2.  That  remarkable  substance  called 
tabashcer,  which  is  a siliceous  concre- 
tion found  in  the  joints  of  the  bamboo, 
exhibits  some  curious  phenomena  rela- 
tive to  its  colour  and  its  porosity.  The 
pure,  varieties  which  have  their  index 
of  refraction  so  low  as  1.1114  between 
water  and  air,  reflect  a delicate  azure 
colour,  and  transmit  a sort  of  straw 
yellow  colour.  When  a small  drop  of 
water  is  put  upon  it,  the  welted  spot 
becomes  instantly  milk  tchite  and 
opaque,  although  the  water  is  absorbed 
and  ent  ers  it  s pores ; but  when  more  water 
is  added  so  as  to  fill  its  pores,  it  re- 
covers lU  transparency,  ceases  to  reflect 


the  azure  tint,  and  transmits  a yellow 
less  intense  than  before.  The  cause  of 
this  singular  property  has  been  ex- 
plained in  the  lollowing  manner  by  Dr. 
Brewster,  who  first  observed  it.  I.et 
X yjig.  5J, 
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be  a plate  of  tabashcer,  and  A B C D 
one  of  its  pores  highly  magnified.  We 
know  that  this  pore  is  filled  with  air. 
and  that  when  a ray  of  light  M N 
enters  the  separating  surface  A B at  E, 
and  quits  it  at  H,  it  suffers  so  little 
refraction,  and  is  therefore  so  little 
scattered,  that  the  tabashcer  appears 
transparent,  and  allows  us  to  see  ob- 
jects through  it  distinctly.  This  co- 
existence of  a high  degree  of  trans- 
parency  with  a high  degree  of  porosity 
IS  unexampled  in  material  bodies,  and 
arises  from  the  slight  difference  between 
the  refractive  power  of  air  and  taba- 
shecr.  Let  us  now  suppose  that  a 
small  quantity  of  water  is  introduced 
into  the  pore  A B C D,  so  as  not  to  fill 
it,  but  merely  to  line  its  circumference 
with  a film  contained  between  A B C D 
and  abed.  Tlicn  tlie  light  which  was 
formerly  scattered  by  the  slight  refrae- 
tion  at  E and  H,  in  passing  from  taba- 
sheer  into  air,  will  now  be  a little  less 
scattered  at  these  points,  since  it  passes 
from  tabashcer  into  water,  where  the 
ditfcrence  of  refractive  power  is  less ; 
but  while  the  light  passes  from  the  film 
of  water  into  the  air  at  F,  and  enters 
the  water  again  at  G,  the  scattering  of 
the  rays  will  be  very  considerable, 
owing  to  the  great  difl'erence  of  refrac- 
tive power  liefween  air  and  water.  In 
passing  through  every  pore  therefore 
the  light  is  refracted,  and  consequently 
scattered  no  less  than  four  times,  and 
hence  the  piece  of  tabasheer  when 
sbghtly  wetted  with  water  must  appear 
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opaque.  If  we  now  laturate  it  with 
water,  the  pore  A B C D will  be  com- 
pletely filled : the  two  preat  refractions 
which  took  place  at  F and  G will  no 
lonper  exist,  and  the  lipht  will  suffer 
only  a slight  refraction  at  E and  H,  by 
which  it  will  be  less  scattered  than 
when  the  tabasheer  was  dir.  a result 
which  is  perfectly  conformable  to  ob- 
servation. 

An  analogous  effect  is  produced  with 
opaque  tabasheer  and  oil.  This  opaque 
variety,  which  retains  its  opacity  when 
its  pores  are  filled  with  water,  acquires 
the  most  beautiful  transpan-ncy  by  the 
absorption  of  oil  of  lieech  nut.  Hav- 
ing saturated  a large  piece  of  this  va- 
riety with  oil  of  bcMh  nut  coloured  red 
with  anchusaroot,  it  was  laid  on  amass 
of  lead  of  a lower  temperature  than  that 
of  the  room.  The  oil  instantly  appeared 
to  retire  from  the  surface  into  its  inte- 
rior, and  the  transparent  mass  liecame 
opaque  like  a piece  of  red  brick.  Upon 
removing  it  into  its  former  temperature 
the  tabasheer  resumed  its  transparency. 
In  this  experiment  the  oil  s;ems  to  have 
quilted  the  centre  of  the  pores  in  con- 
sequence of  it.s  contraction  by  cold,  and 
collecting  itself  by  capillary  attraction 
round  the  solid  parts,  left  the  pores  in 
the  state  shown  in  fig.  S5.  The  appli- 
cation  of  heat,  by  expanding  the  oil, 
causes  it  to  till  the  pores  and  resume  its 
transparency.  If  when  the  tabasheer 
is  saturated  with  oil,  it  is  carried  into  a 
warmer  place,  a part  of  the  oil  will  be 
discharged  by  expansion. 

Tabasheer  presents  us  withastillmore 
remarkalile  property  relative  to  the  iiree 
conditions  of  solid  bodies,  viz.  transpa- 
rency, and  black  and  white  opacity.  If 
we  wrap  a transparent  piece  in  paper, 
and  burn  the  paper,  and  repeat  this  ope- 
ration twice  or  thrice,  the  tabasheer 
will  become  perfectly  black  and  opaque, 
with  a sort  of  pitchy  lustre.  A red 
heat  w ill  restore  it  to  its  primitive  state ; 
but  if  the  heat  is  considerably  below 
redness,  some  specimens  acquire  a 
slight  transparency,  and  a dark  slaty 
blue  colour,  shading  in  some  places  into 
whiteness.  When  slightly  wettetl  in 
Ihis  state  it  becomes  chalky  white ; 
with  a greater  portion  of  water  it  be- 
comes black,  and  with  a still  greater 
portion  it  liecomes  again  transparent.* 

3.  Several  curious  phenomena  of 
colour  are  presented  by  mineral  bodies. 


• Sm  tkt  PhUMtpkimt  rmugttiMi  18!6, 
p.MS. 


The  yellow  Brazil  topaz  loses  its  yel- 
low colour  entirely  by  heat,  without  suf- 
fering any  change  in  its  other  properties. 
Some  specimens  thus  become  nearly 
colourless,  while  others  are  left  with  a 
fine  pink  colour,  which  is  much  prized. 
Tbe  yellow  phosphate  of  lead  grows 
^en  when  heated.  Tbe  balas  ruby 
in  some  specimens  becomes  green  by 
heat ; the  ^een  fades  into  brown  as  ftie 
cooling  advances,  and  the  brown  rises 
to  its  original  red  colour, 

4.  Tincture  of  turnsole,  which  be- 
comes orange  after  being  long  corked 
up  in  a bottle,  an  effect  a-scriticd  to  de- 
oxidation, becomes  red  in  a few'  minutes, 
and  then  violet  blue,  by  opening  the 
bottle  and  shaking  the  fluid,  the  colour 
thus  passing  from  the  first  to  the  second 
order.  The  Cameteon  Mineral,  which 
is  a bright  green  of  the  third  order,  is 
a solid  formed  by  heabng  pure  and 
solid  oxide  of  manganese  with  potash. 
When  dissolved  in  much  warm  water, 
it  is  rajiidly  disunited  and  separated 
from  the  oxide ; but  if  a little  water  is 
used,  and  if  the  mineral  is  well  made, 
the  separation  becomes  progressive,  the 
solution  changing  its  colour  from  green 
to  bluish  grem,  blue,  purple  and  red- 
dish purple,  the  last  descending  in  the 
order  of  the  rings,  as  if  the  particles 
became  smaller.  M.  Biot  conceives, 
that  the  proportion  of  potash  united  to 
the  oxide,  is  successively  dissolved  by 
the  action  of  the  water,  till  it  is  all  car- 
ried off,  and  the  oxide  alone  left  in  the 
liquor ; and  hence  he  concludes,  that  the 
brown  (brun-marin)  colour  of  the  oxide 
is  a reddish  orange,  of  the  second 
order,  rendered  excessively  sombre  by 
the  absorption  of  a great  quantity  of 
light. — .\nother  chemical  fact  of  much 
interest  was  observed  by  M.  Ulaubry. 
He  mixed  oil  of  sweet  almonds  with 
soap  and  sulphuric  acid.  The  combina- 
tion which  is  at  first  yellow,  soon  passes 
to  orange  yellow  and  to  deej)  orange, 
and  thence  to  red  and  to  violet,  which, 
as  M.  Biot  observes,  is  precisely  the 
order  of  colours  as  they  advance  from 
the  first  to  the  second  order.  In  the 
passage  from  the  orange  to  the  red, 
tliere  is  an  instant  when  the  absorption 
of  the  incident  rays  is  so  strong,  that 
the  mixture  apjiears  almost  black.  Tlie 
same  interruption  is  observed,  if  in 
place  of  oil  of  almonds  w e use  oil  ob- 
tained from  alcohol,  treated  with  chlo- 
rine. Tlie  colours  then  pass  through 
the  following  gradations  ; vale  yellow  of 
the  first  order,  orange,  black,  red,  vio- 
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M,  and  finally  a beautiful  blue  of  the 
second  order.  Hence,  as  M.  Biot  re- 
marks, we  observe  that  the  extinction  to 
which  the  intensity  is  accidentally  subject, 
does  not  prevent  tlie  tints  from  follow- 
ing the  same  order  as  that  of  the  rings. 

A great  number  of  the  metallic  oxides 
exhibit  a momentary  change  of  tint  by 
being  heated,  and  resume  their  primi- 
tive tint  by  cooling.  This  arises  from 
tlie  increase  of  size  in  the  particles, 
and  consequently  the  new  colours  thus 
developed  should  rise  in  the  oi-der  of 
colours.’  A phenomenon  of  the  oppo- 
site kind  was  observed  by  M.  Chevreul 
in  volatilizing  indigo  spreiul  upon  paper. 
During  vaporization  the  indigo  colour 
passes  into  a puppy  r/d,  highly  brilliant, 
which  seems  to  prove  tluit  the  p.articles 
have  become  less  in  the  act  of  evapora- 
tion. Tlie  same  eminent  chemist  no- 
ticed an  analogous  fact  in  the  new  sub- 
stance, which  he  calls  hu-matine.  This 
substance,  when  pure  and  solid,  has  a 
greyith  tint.  When  dissolved  in  water, 
containing  some  drops  of  acetic  acid,  it 
produces  a fluid,  whose  colour  is  a 
slightly  greenish  yellow  of  the  second 
order.  If  the  fluid  in  this  state  is  in- 
troduced into  a tube  filled  w ith  mercury, 
and  heated  by  surrounding  it  with  a hot 
iron,  it  becomes  successively  yellow, 
brilliant  orange,  brilliant  red,  purple, 
and  bluish  purjde ; and,  what  is  very 
remarkable,  if  it  is  afterwards  left  to 
cool,  it  returns  gradually  to  its  primitive 
tint,  which  it  requires  some  days  to  do, 
if  tlie  quantily  use<l  is  about  the  one- 
third  of  a cubic  inch. 

The  progressive  steps  by  which  bo- 
dies attain  their  definite  tints,  are  well 
seen  in  the  crystallization  of  a saturated 
solution  of  suixT-oxygenated  muriate  of 
potash  during  its  slow  cooling.  As  the 
temperature  falls,  the  salt  is  precipitated 
in  thin  rectangular  scales  which  unite 
to  one  another,  and  whose  thinness  is 
such,  that  they  are  differently  coloured, 
according  to  the  obliquity  of  the  inci- 
dent light,  or  the  thickness  of  the  scales. 
The  thickest  are  of  an  uniform  white 
colour,  and  the  thinnest,  by  uniting 
themselves  to  others,  become  white  in 
their  turn.  Sometimes  they  do  not  ap- 
ply themselves  exactly  to  one  another, 
and  then  they  do  not  cease  to  reflect  the 
tints  which  they  exhibit  individually, 
even  though  they  form  part  of  a plate 
too  thick  to  produce  these  colours. 
Similar  variations  are  seen  in  the  small 

• The  lints  SeseribeJ  by  M.  Gny  Lnssno  in  thn 

4ns.  is  C'AisM#,  fellow  the  order  of  the  rihf  i. 


scales  of  acidulous  tartrite  of  potash 
precipitated  from  a warm  and  saturateil 
solution  of  this  salt.* 

5.  The  vegetable  kingdom  presents 
many  curious  illustrations  of  Newton  s 
theoiy’,  as  he  himself  observ  ed,  and  as 
we  have  noticed  in  Prop.  7.  M.  Biot  is 
of  opinion,  tliat  the  colours  desceiidt- 
in  tlie  order  of  rings,  as  the  force  of 
vegetation  developes  itself,  and  ascend 
during  its  decay.  Tlie  young  buds  of 
the  oak  and  of  the  poplar,  for  example, 
are  at  first  of  a red  colour,  bordenng 
on  orange;  from  this  they  pass  to  a 
reddish  orange,  and  soon  to  a green, 
through  a kind  of  reddish  yellow,  ex- 
tremely fugitive.  When  the  flower  of 
the  honeysuckle  blows,  its  colour  is  a 
pure  white  of  the  first  order,  and  in  de- 
caying it  passes  into  pale  yellow,  yellow, 
orange,  and  deep  orange.  The  flower  of 
the  geranium  sanguineum,  whose  colour 
is  a violet  red,  intermediate  between  tlie 
first  and  second  order,  becomes  blue  in 
withering.  Pinks  of  a bright  red  of 
the  second  order  pass  as  they  decay  into 
a poppy  red,  and  a violet  purple.  The 
.same  thing  happens  to  certain  species  of 
roses,  but  there  are  others  whose  colour 
appears  to  lie  red  of  the  third  order. 
Wnile  these  grow  old  upon  their  stalk, 
they  lose  by  degrees  the  brilliancy  of 
their  red,  and  the  blue  and  violet  of  the 
fourth  order,  acquiring  a greater  in- 
fluence over  their  tints,  they  rise  to  a 
bluish  red.  The  tigridia,  w'hich  blows 
and  w ithers  in  a lew  hours,  appears, 
even  when  it  is  not  quite  open,  of  a 
bright  reddish  orange,  from  which  it 
rises  to  a deep  red  of  the  first  order,  and 
in  withering  it  rises  to  the  violet  red  of 
the  second  order.  The  eobcea  when  it 
opens  is  at  first  of  a pale  and  imperfect 
elloirish  green  of  the  secotid  onlcr; 
ut  it  is  soon  spotted  with  violet,  and  in 
a few  hours  it  becomes  wholly  violet, 
without  passing  through  tlie  interme- 
diate blue.  In  withering,  however,  it 
descends  from  violet  to  blue.  M.  De- 
candolle  ascribes  the  sudden  change  of 
colour  at  the  first  period  to  the  fecun- 
dation, which  he  considers  as  the  cause 
which  modifies  rapidly  the  colour  of  a 
great  many  flowers.J 


• Traitr  dr  Ph^ti^ur.  tom.  ir.  p.  135. 

t In  tptoting  the  opinion*  of  thia  eminent  philoon 
pher.  it  1*  nere**Arr  to  iitale,  that  when  he  ihe 
word  aaend  in  the  order  of  ririjfw,  we  use  dneend, 
ber«OM  the  roloon  fall  from  a hi|{her  to  a lower 
order.  M.  Biot't  term  aseeod.  indicates  a local  a«> 
cent  in  the  printed  table,  the  lirnt  order  being  at  tbo 
top  of  the  table,  tad  the  last  order  at  the  botfem. 

} Biot's  FhjftifiUt  tom.  ir.  p. 
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S.  The  animal  kinstJom  also  contri- 
butes its  aid  in  support  of  the  same 
theor)'.  The  choroid  coat  of  the  doi; 
and  other  animiils,  which  produces  the 
bluf,  green,  and  red  reflexions  from  the 
eye  of  the  living  animal,  ri’tains  the 
same  faculty  after  death.  When  the 
choroid  coat  dries,  it  becomes  black,  and 
the  colours  disappear.  We  have  found, 
however,  that  after  remaining  dry  for 
nearly  ten  years,  ftieir  colours  could  still 
be  developed  by  moisture.  The  black 
assed  instantly  into  a brilliant  blue,  the 
lue  into  green,  and  the  green  into 
greenieh  ySlow. 

5.  Colours  of  the  atmosphere. — As 
the  earth  is  surrounded  with  an  atmo- 
sphere varying  in  density  from  the  sur- 
face of  the  globe,  where  it  is  a maxi- 
mum, to  the  height  of  about  45  miles, 
where  it  is  extremely  rare,  and  just  able 
to  reflect  the  rays  of  the  setting  sun,  the 
rays  of  the  sun,  moon,  and  stai's  are  re- 
fracted into  curve  lines,  unless  when 
they  are  incident  upon  it  perjrcndicularly. 
Hence  the  apparent  attitude  of  the  celes- 
tial bodies  is  always  greater  than  their 
real  altitude,  and  they  appear  above  the 
horizon  when  they  are  actually  below  it 

But  while  the  solar  rays  traverse  the 
earth’s  atmosphere,  they  suffer  another 
change  from  the  resistingTnedium  which 
they  encounter.  tVhen  the  sun,  or  any 
of  the  heavenly  bodies,  are  considerably 
elevated  above  the  horizon,  their  light 
is  transmitted  to  the  earth  without  any 
perceptible  change ; but  when  these 
bodies  are  near  the  horizon,  their  light 
must  pass  through  a long  tract  of  air, 
and  is  considerably  modified  before  it 
reaches  the  eye  ot  the  observer.  The 
momentum  of  the  red,  or  greatest  re- 
frangible rays,  being  greater  than  the 
momentum  of  the  violet,  or  least  re- 
frangible rays,  the  former  w ill  force  their 
w.ay  through  the  resisting  medium, 
while  the  latter  will  be  either  reflected 
or  absorbed.  A white  beam  of  light, 
therefore,  will  be  deprived  of  a portion 
of  its  blue  rays  by  its  horizontal  passage 
through  the  atmosphere,  and  the  re- 
sulting colour  will  be  either  orange  or 
red,  according  to  the  quantity  of  the 
least  refrangible  rays  that  have  been 
stopt  in  their  course.  Hence  the  rich 
and  brilliant  hue  with  which  nature  is 
gilded  by  the  setting  sun  ; hence  the 
glowing  red  which  tinges  tlie  morning 
and  evening  clouds;  and  hence  the 
sober  pnrple  of  twilight  which  they  as- 
sume when  their  ruddy  glare  is  tempered 
by  the  reflected  azure  of  the  sky. 


We  have  already  seen  that  the  red 
rays  penetrate  through  the  atmosphere, 
while  the  blue  rays,  less  able  to  sur- 
mount the  resistance  which  tliey  meet, 
are  reflected  or  absorbed  in  their  pas- 
sage. It  is  to  this  cause  that  we  must 
ascritje  the  blue  colour  of  the  sky, 
and  the  bright  azure  which  tinges  the 
mountains  of  the  distant  landscape. 

As  we  ascend  in  the  atmosphere,  the 
deepness  of  the  blue  tinge  gradually 
dies  away ; and  to  the  aeronaut  who  has 
soared  above  the  denser  strata,  or  to 
the  traveller  who  has  ascended  the  Alps 
or  the  Andes,  the  sky  appears  of  a deep 
black,  while  the  blue  rays  find  a ready 
passage  through  the  attenuated  strata 
of  the  atmosphere.  It  is  owing  to  the 
same  cause,  that  the  diver  at  the  bottom 
of  the  sea  is  surrounded  with  the  red 
light  which  has  pierced  through  the 
superincumbent  fluid,  and  that  the  blue 
rays  are  reflected  from  the  surface  of 
the  ocean.  Were  it  not  for  the  le’flect- 
ing  power  of  the  air,  and  of  the  clouds 
which  float  in  the  lower  regions  of  the 
atmosphere,  we  should  be  involved  in 
total  darkness  by  the  setting  of  the  sun, 
and  all  the  objects  around  us  would  suffer 
a total  eclipse  by  every  cloud  that  passed 
over  his  disk.  It  is  to  the  multiplied 
reflections  which  the  light  of  the  sun 
suffers  in  the  atmosphere,  that  we  are 
indebted  for  the  light  of  day,  when  the 
earth  is  enveloped  with  impenetrable 
clouds. 

From  the  same  cause  arises  the  sober 
hue  of  the  morning  and  evening  twilight 
which  increases  as  we  recede  from  the 
equator,  till  it  blesses  with  perpetual 
day  the  inhabitants  of  the  polar  regions. 

The  cause  which  we  have  assigned 
for  the  blue  light  of  the  sky,  and  wdiich 
was,  we  believe,  first  given  by  Bou- 
guer,  though  a very  probable  one,  still 
required  the  evidence  of  demonstration. 
In  examining  this  light.  Dr.  Brewster 
fbund  that  a great  portion  of  it  was 

fiolarized ; and  hence  it  follows,  that  it 
las  suffered  reflexion.  M.  Saussiire 
found  that  the  intensity  of  the  blue 
colour  increased  with  the  height  of  the 
observer  above  the  sea;  and  it  has 
been  observed  by  others,  that  the  inten- 
sity diminishes  as  the  quantity  of  aqueous 
vapour  is  increased.  In  order  to  niea. 
sure  this  intensity,  M.Saussure  contrived 
an  instrument  called  a Cyanometer.*  A 
circular  band  of  thick  pajier  or  paste- 
board is  divideii  into  5 1 parts,  each  of 

* From  two  Greek  words  »ifaifying  emeasere  and 
Macwii. 
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which  is  paintc<l  with  ii  iVifTerent  shsde 
of  blue,  decreasing  gradually  from  tlie 
deeiwit  blue,  formed  by  a mixture  of 
Black,  to  the  lightest , formed  by  a mixture 
of  white.  This  coloured  zone  is  held  in 
the  hand  of  the  obseper,  who  notices 
the  particular  tint  which  corresponds  to 
the  colour  of  the  sky.  Tlie  number  of 
this  tint,  reckoned  from  the  greatest, 
is  the  intensity  at  the  lime  of  observation. 
Saussure,  Humboldt,  Depons,  and  other 
travellers,  have  made  observations  with 
this  instrument.  The  following  are 
some  of  their  results  : 


General  intensity  in  Europa  U° 

General  intensity  in  the  Caraccas  ...  18 
General  intensity  at  Cumana  84 


B.  Coloured  Shadow!.— The  shadows 
of  bodies  placed  only  in  one  light,  and 
at  a distance  from  all  other  bodies  ca- 
pable of  reflecting  light,  must  necessa- 
rily be  black.  In  a summer  morning 
or  evening,  however,  the  shadows  of 
bodies  formed  cither  by  the  light  of  the 
sun,  or  by  that  of  a candle,  have  been 
observed  to  be  blue;  this  obviously 
arises  from  the  shadows  being  illumi- 
nated with  the 'light  of  the  blue  slgt. 
The  colours  thus  produced  vary  in  dif- 
ferent countries,  and  at  different  seasons 
of  the  year,  from  a pale  blue  to  a violet 
black ; and  when  there  are  yellow  va- 
pours in  the  horizon,  or  yellow  light 
reflected  from  the  lower  part  of  the  sky, 
either  at  sunrise  or  sunset,  the  shadows 
have  a tinge  of  green  arising  from  the 
union  of  these  accidental  rays  with  tire 
blue  tint  of  the  shadow. 

If  the  light  of  the  sun,  or  of  the 
candle,  be  faint,  then  the  shadow  of  the 
body  formed  by  the  light  of  the  sky  will 
bo  visible  also,  and  the  two  shades  will 
be  the  one  blue  and  the  other  a pale 
yellow,  two  colours  which  are  comple- 
mentary to  each  other.  This  feet  has 
been  ascribed  to  the  circumstance  of 
the  light  of  the  candle,  and  that  of  the 
rising  and  setting  sun,  being  of  a yel- 
lowish tinge ; but  though  this  will  in- 
crease the  etfect  it  is  not  the  main  cause 
of  it,  as  one  of  the  shadows  would  be 
yellow,  even  if  the  light  of  the  sun  and 
the  candle  had  been  perfectly  white. 

The  phenomena  of  coloured  shadows 
are  sometimes  finely  seen  in  the  interior 
of  a room  ; the  source  of  one  of  the 
colours  lieing  sometimes  the  blue  sky, and 
the  other  the  green  window  blinds,  tlm 
paint^  walls,  or  the  coloured  fiuaiiiure. 

The  best  method  of  observing  and 
studying  tins  class  of  phenomena  is  to 


use  two  candles,  and  to  hold  befbre  one 
of  them  apiece  of  coloured  glass,  taking 
care  to  remove  to  a greater  distance  the 
candle  before  which  the  coloured  glass 
is  not  placed,  in  order  to  equalize  the 
darkness  of  the  two  shadows.  If  wo 
use  a piece  of  green  glass,  one  of  the 
shadows  will  be  green,  and  the  other  a 
fine  red ; if  we  use  blue  glass,  one  of 
the  shadows  will  be  blue,  and  the  other 
a pale  yellow,  and  so  on  ; the  one  colour 
bemg  always  complementary  to  the 
other,  as  explained  in  page  46.  The 
light  from  the  candle  with  the  green 
glass  obviously  illuminates  the  shadow 
formed  by  the  other  candle,  and  hence 
it  is  easy  to  understand  why  that  sha- 
dow is  green  ; but  as  the  other  shadow 
is  illuminated  only  by  the  common 
light  of  the  candle  which  is  not  red,  it 
appears  difficult  to  discover  the  origin 
of  the  red  light.  The  explanation  of 
this  must  be  sought  nut  among  optical, 
but  among  physiological  pi-inciples.  We 
have  already  seen,  when  treating  of  acci- 
dental colours,  that  when  a portion  of 
the  retina  was  strongly  impressed  with 
any  one  colour,  such  us  red,  that  same 
portion  tinged  grcc;i  the  images  of  white 
objects  that  fell  upon  it.  In  like  man- 
ner, when  nearly  the  whole  retina  is 
impressed  with"  any  one  colour,  such  as 
red,  a porlinu  of  it  not  impressed  with 
that  colour  will  tinge  white  objects 
green, — or,  to  speak  more  generally, 
every  excitation  of  the  retina  by  one 
colour  is  accompanied  by  an  excitation 
of  its  accidental  colour,  just  as  in 
.\coustics  every  fundamental  sound  is 
.actually  accompanied  by  its  harmonic 
sound.  Hence,  when  we  see  red  we 
at  the  same  time  see  green,  but  its  im- 
pression is  less  forcible,  and  the  ten- 
dency of  this  double  vision  of  colours  is 
to  weaken  the  original  impression,  viz. 
the  red  ; because  the  union  of  comple- 
mentary colours  produces  whiteness. 
This  may  be  proved  by  looking  for  a 
considerable  time  at  a r^  wafer,  which 
will  appear  less  and  less  red  the  longer 
we  view  it ; because  the  green  which 
the  retina  is  seeing  at  the  same  time, 
produces  a whiteness  which  dilutes  the 
red.  This  we  conceive  to  be  tlie  true 
theory  of  accidental  colours.  Its  appli- 
cation to  coloured  shadows  is  very 
obvious:  When  the  eye  is  impre.ssed 
with  the  green  colour  of  the  light 
transmitted  through  the  green  glass,  it 
at  the  same  time  sees  red,  which,  of 
course,  appears  only  on  the  shadow 
upon  which  a green  light  falls. 
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7.  Converging  ami  dkergii^  beams. 
— Whm  the  sun  is  desccmling  in  tlie 
west,  through  masses  of  open  clouds, 
the  divergency  of  his  hcatiis,  rendered 
visible  by  their  passage  through  nume- 
rous openings,  forms  frequently  a very 
beautinil  phenomenon.  It  is  sometimes 
accompanied,  however,  with  one  of  an 
opposite  kind,  viz.  the  conrergency  of 
beams  to  a point  in  the  eastern  horizon 
opposite  to  the  sun,  and  as  far  beneath 
the  horizon  as  the  sun  is  above  it,  as  if 
another  sun,  throwing  out  divergent 
beams,  were  about  to  rise  in  the  east. 
This  phenomenon  is  rarely  seen  in  per- 
fection. Dr.  Smith,  who  observes  that 
he  once  saw  this  phenomenon  on  Lin- 
coln heath,  describes  it  as  ‘ an  apparent 
convergence  of  long  whitish  beams 
towards  a point  diametrically  opposite 
to  the  sun,  and,  as  nearly  as  he  could 
estimate,  as  much  below  the  horizon 
as  the  sun  was  then  elevated  above  the 
opposite  point  of  it.' 

On  the  9th  of  October,  1824,  we  had 
tlie  satisfaction  of  seeing  this  curious 
appe.arance  in  unusual  splendour.  The 
sun  was  considerably  elevated,  and  was 
throwing  out  his  diverging  beams  in 
great  beauty  through  the  interstices  of 
the  broken  masses  of  elouds  which 
floated  in  the  west.  The  eastern  portion 
of  the  horizon,  where  the  converging 
lines  were  seen,  was  occupied  with  a 
black  cloud,  which  seems  necessary  as 
a ground  for  rendering  visible,  by  its 
contrast,  such  feeble  radiations.  Tlie 
converging  beams  were  vciy  much 
fainter  than  the  diverging  ones,  and 
their  point  of  convergence  was  as  far 
below  the  horizon  as  the  sun  was  above 
it.  About  ten  minutes  after  the  pheno- 
menon was  first  seen,  the  converimnt 
lines  were  black,  or  verj-  dark.  This 
arose  fi-om  the  real  beams  having  be- 
come broad,  and  of  unequal  intensity, 
so  that  the  eye  took  up,  as  it  were,  the 
spaces  between  the  beams  more  readily 
than  the  beams  themselves.* 

In  order  to  explain  this  phenomenon, 
which  is  a case  of  perspective,  let  us 

* This  dUpoMiioA  of  ih«  eye  U a very  ctiHona 
one,  aid  haa,H’e  beUava,  aever  been  olwerv^.  Wti«n 
we  look  steadily  at  a carpet  hitvin^f  tiriim  of  ose 
•olonr,  f^reea  for  axanpU,  upon  a (rr-tunu  of  another 
ouloar.suppuee  rod^we  shaU,eoiDetiine*,see  the  whole 
of  ike  green  pattern,  as  if  U»e  red  one  wen*  uhllto- 
rated  ; and,  at  other  times,  we  shall  sec  the  whole  of 
the  rod  patum,  as  if  tba  green  one  were  obliterated. 
The  former  effbet  taken  pUen  when  the  eye  U ilea- 
dily  Axed  oo  the  freco  part,  and  the  latter,  when  it 
is  strsdlly  fixed  on  the  portion.  It  is  easy  to 
conceive  ibat  when  the  rtthia  ie  in  a state  ofirrita> 
tiofl  or  excitation  with  red  light,  it  will  more  easily 
take  up,  u»  it  were,  the  vision  of  a red  inject  than  of 
■r.y  other. 


suppose  a line  to  join  the  eye  of  the  ob- 
server and  the  sun.  Let  beams  issue 
from  the  sun  in  all  possible  directions, 
and  let  us  suppose  that  planes  pass 
through  these  ^aras,  and  through  the 
line  joining  the  eye  of  the  observer  and 
the  sun,  vvhicli  will  be  their  common 
intersection,  like  the  .axis  of  an  orange, 
or  tlie  axis  of  the  earth,  through  which 
there  pass  all  the  septa  of  Uie  former, 
and  all  the  planes  passing  through 
the  meridians  of  the  latter.  An 
eye,  tlierefore,  situated  in  this  line,  or 
common  intersection  of  all  the  planes, 
will,  when  looking  at  a concave  sky, 
apparently  spheriu^,  see  them  diverg- 
ing from  the  sun  on  one  side,  and  con- 
verging towards  the  opposite  point, 
just  as  an  eye  in  the  axis  of  a laige 
glolie  would  perceive  all  the  planes 
passing  through  tile  meridians  diverg- 
ing on  one  side,  and  converging  on 
another.* 

Chaftsb  XIX.  - Partial  Reflexion  of 
Light — Absorption  of  Light — Light 
reflected  at  different  angles  from 
fVater  — Glass  — Metals  — White 
opaque  Bodies— from  both  surfaces 
if  Glass— from  a number  of  Glass 
Plates. 

From  the  phenomena  described  in  the 
precedingchapters.the  reader  must  have 
observed,  that  when  light  falls  upon  the 
most  transparent  bodies,  such  as  water, 
glass,  fee.  a cerfiiin  portion  of  it  is  re- 
flected from  their  surfaces.  When  we 
measure  the  quantity  reflected  and  the 
quantity  transmitted,  we  invariably  find 
that  the  sum  of  these  quantities  is  less 
than  the  light  which  fklls  upon  the 
body.  Hence  it  follows,  and  the  fact  is 
a very  important  one  to  remember,  that 
light  is  mways  lost  in  passing  through 
the  most  transparent  bodies.  This  light 
is  lost  in  two  ways ; a portion  of  it  is  ab- 
sorbed or  stopped  by  the  body  and  forms 
heat,  and  another  portion  is  scattered 
in  all  directions  by  irregular  reflexion. 
When  liglit  falls  on  metallic  bodies, 
such  as  polished  silver,  or  speculum 
metal,  about  ene  half  of  it  is  reflected, 
and  the  other  half  lo.st.  The  part  lost 
consists,  as  in  Ihe  former  ease,  of  two 
portions  ; one  of  wliich,  and  by  far  the 
laixest,  lieing  absorbed,  and  the  other 
scattered  by  irregular  reflexion. 

No  complete  set  of  experiments  has 
yet  been  made  from  which  the  laws  of 


t See  Smilh’i  OphW,  rol.  it.  Rvmnrks,  p,  97. 56 
•nd  Edinburgh  JonrntU  of  ScitncCiEo.  tit.  p.  ]3C 
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these  phenomena  can  bo  ilctorminoJ. 
T^e  principal  facts  which  have  tieen 
ascertained,  we  owe  to  tlic  ingimuity  of 
M.  Boujpier  and  M.  Lambert,  and  these 
wc  shall  now  lay  before  the  reader ; — 


Noml>vr  of  Rayt  T«fl««tod  out  of  1000. 


Want. 

Glaa*. 

SUfW. 

aU««T. 

Plan*. 

l>aloh 

I’apar. 

8»i° 
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. » 

;;2i  .. 

• • 

89 
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, . 

• • • a 

• • 

88J 
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. . 

• • 

8S 
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. . 

. • • • 

• • 

871 
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584 

. . 

. • 

86 

501 

543 

. . * • 

• • 

821 

409 

4 74 

. . 

SO 

333 

412 

• • • • 

771 

271 

356 

• • • • 

. . 

75 

211 

299 

..  209 

194 

203 

721 

178 

222 

. . 

70 

145 

210 

, . 

65 

97 

156 
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. • 

CO 

65 

112 

. . 319 

352 

332 

50 

34 

57 

• • . ♦ 

4,5 

41 

..  455 

529 

507 

40 

22 

34 

704  .. 

. . 

30 

19 

27 

..  640 

640 

20 

18 

25 

. • . . 

, , 

15 

18 

25 

..  802 

762 

971 

10 

18 

25 

* . . . 

. , 

, , 

0 

18 

25 

666  1000 

1000  1000 

From  these  results  we  may  draw  the 
following  conclusions : — ^ 

1.  That  in yfuitis,  Iraiisparmt  solidt 
and  melals,  the  quantity  of  light 
reflected  increases  with  the  angle 
of  incidence  reckoned  from  the 
perpendicular ; wherciis  in  white 
opaque  bodies  the  quantity  of  light 
reflected  decreases  with  the  angle 
of  incidence. 

2.  That  at  great  angles  of  incidence 
water  reflects  more  light  than  even 
both  the  surfaces  of  plate  glass. 

Tlie  following  vciy  accurate  results 
were  obtained  by  M.  Lambert,  who 
measured  the  quantify  of  light  reflectcfl 
both  at  the  first  and  the  secoiid  surfaces : 


iMcfitlW*. 

No.  of  Ran  out  of 
1000  m.rCIMl  at 

Ho.  of  Ran  out 
lOro  frtWtcd 

/trti  tvrfaca. 

kwiac«. 

70'= 

. 158 

320 

60 

77 

165 

50 

. 47 

105 

40 

34 

71 

30 

. 26 

59 

20 

22 

50 

10 

. 20 

45 

0 

20 

45 

Lambert  doe*  not  seem  to  have  ob- 
*crved  tlie  law  of  these  results.  Upon 


carefully  comparing  them,  we  liave 
found  that  the  quantity  of  light  re- 
flected at  either  surface  is  inversely  as 
the  squ.arc  of  the  cosine  of  the  angles 
of  incidence.  It  is  a most  curious  fact 
which  Lambert  has  established,  that 
the  light  reflected  at  the  second  surface 
of  a plate  of  glass  is  at  all  angles  of 
incidence  more  than  double  of  the  quan- 
tity reflected  by  the  first  surface. 

M.  Lambert  likewise  obtained  the 
following  results  for  different  numbers 
of  very  transparent  plates  of  glass  at  a 
perpendicular  incidence. 


Ns.  of  Plaua 
of  (jlSM. 

No.  nf 

Kay«  mleo'.ad 
ootoflOOO. 

f4«h 

txaoufiittr^* 

1 

62 

. 938 

2 

117 

883 

3 

. 165 

. 8.35 

4 

209 

791 

5 

. 248 

752 

6 

284 

. 715 

7 

. 316 

. 684 

8 

. 345 

654 

AVhen  the  glass  which 

he  used  was 

less  Iransp.arent,  he  obtained  the  follow- 
ing results,  the  quantity  of  light  lost 
being  given  in  the  last  column. 


Ns.  of  UUm 
Plata*. 

No.  of  Rays 
rtflrciMloul 
of  loM. 

No.  of  Kajf 
tnnsmlitrd 
OtU  of  ICNM. 

No.  of  Ray* 
loilont  of 
lOiV. 

1 . 

52  , 

811  . 

137 

2 . 

86  . 

060  . 

255 

3 . 

108  . 

537  . 

355 

4 . 

123  . 

438  . 

449 

8 . 

147  . 

195  . 

659 

16  . 

152  . 

39  . 

809 

32  . 

153  . 

2 . 

846 

From  the  preceding  facts  it  is  obvious, 
that  in  all  the  various  operations  by 
which  we  distribute  or  concentrate  light 
for  economical  purposes,  a consider- 
able portion  of  it  is  lost.  This  por- 
tion is  much  greater  in  metiUs  than 
in  glass  ; and  hence,  when  other  cir- 
cumstances are  the  same,  lennes  are 
preferable  to  mirrors  or  sperula,  either 
for  concentrating  the  solar  rays  for  tire 
purposes  of  combustion,  or  for  pro- 
ducing in  light-houses  an  intensely 
brilliant  column  of  light  capable  of 
reaching  to  a great  distance,  and  pene- 
trating the  fogs  of  the  ocean.  For  the 
same  reason  a RefracUntr  telescope 
gives  far  more  light  than  a Reflecting 
one  of  the  same  aperture ; and  if  we 
could  manufacture  glass  as  easily  as  we 
can  cast  metallic  specula,  the  Keflecling 
telescope  would  disappear  from  among 
optical  instruments  in  actual  use. 
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PilltT  I. 

ON  THE  DOUBLE  REFRACTION  OF  LIGHT. 


Inthoductiox. 

Simple  Refraction — Double  Rtfraction 
in  Iceland  Spar  described — Ordinary 
and  Extraordinary  Ray — Double  Re- 
fraction possessed  by  various  Mineral, 
Animal,  and  Vegetable  Bodies. 

Im  explaining  the  various  optical  ph^ 
nomena  which  arise  from  the  transmis- 
sion of  light  through  transparent  bodies, 
it  is  always  supposed  that  these  bodies 
are  perfectly  homogeneous,  and  have  the 
same  temperature  and  density  through- 
out their  mass. 

In  such  substances  as  pure  water,  and 
well  annealed  glass,  the  minutest  point, 
or  the  finest  line,  will  appear  when 
seen  in  any  direction  or  through  any 
thickness,  provided  that  the  mass  is 
bounded  by  parallel  faces.  If  tlw 
water  or  the  glass  have  a prismatic 
shape,  a luminous  point  or  a luminous 
line  will  still  appear  single  through  the 
prism,  if  the  light,  which  issues  from 
the  point  or  the  line,  is  homoraneous  or 
simple.  But  if  the  light  is  white,  there 
will  be  a red,  orange,  yellow,  green, 
blue,  indigo,  and  violet  image.  In  like 
manner,  if  the  mass  of  water  or  glass, 
when  bounded  by  parallel  surfaces,  is 
heat^  unequally  so  as  to  produce  strata 
of  different  density,  and  consequently  of 
different  refractive  power,  then,  if  the 
luminous  point  or  line  is  seen  in  the 
direction  of  the  strata,  a double,  and 
sometimes  a triple  image  of  it  wiU  ap- 
pear, as  in  the  phenomena  of  the  mirage 
or  unequal  refraction. 

In  ail  these  cases,  however,  whether 
the  object  is  seen  double,  treble,  or 
quadruple,  the  phenomena  are  those  of 
single  or  eirrtple  refraction,  because 
they  are  all  produced  by  the  same  at- 
tractive force,  varying  only  in  the  dMpi» 
of  its  intensity  ; and  are  sill  regulated  by 
the  simple  law  of  the  n'nrr  discovered  by 
Snellius.  The  existence  of  more  than 


one  image  is  not  a proof  of  the  exist- 
ence of  more  than  one  force,  unless  the 
substance  is  perfectly  homogeneous,  of 
equal  density  throughout,  and  bounded 
arallel  faces. 

substance  called  Iceland  spar,  cal- 
careous spar,  or  carbonate  of  lime,  has 
been  long  known  to  miner^ogists.  It 
is  found  in  masses  often  larger  than 
one's  head.  It  is  composed  of  56  parts 
of  lime,  and  44  of  carbonic  acid,  and 
has  a specific  gravity  of  ‘2.714.  If  is 
perfectly  transparent  and  colourless,  and 
IS  susceptible  of  taking  a fine  polish. 
When  broken,  it  occurs  in  pieces  of  the 
form  shown  inylg.  I.,  which  is  a solid 

Fig.  1. 


called  a rhomb  or  rhomboid,  bounded 
by  parallel  faces  which-  are  inclined  to 
each  other,  at  an  angle  of  1U5°  5', 
These  natural  faces  are  often  even  and 
perfectly  polished ; and  as  the  mineral 
cleaves  or  splits  parallel  to  any  of  its 
six  faces,  it  is  easy  to  replace  an  im- 
perfect face  by  a new  one. 

Having  obtained  a rhomb  of  Iceland 
spar  with  smooth  faces,  place  it,  as 
shown  in^.  2,  above  a sharp  line,  and 
look  through  it  with  the  eye  about  R. 
The  line  wiQ  appear  doubled  like  rnn.pq. 
In  like  manner  a black  dot,  or  a luminous 
point  or  aperture  will  appear  double,  as 
e,  0.  If  we  cause  a ray  or  pencil  of 
light  R r to  fall  upon  the  surface  of  the 
rhomb,  it  will  be  separated  into  two 
rays  or  pencils  ro,  re,  each  of  which 
will  emerge  from  the  rhomb  at  o and  « 
in  the  directions  oaf,  ed  parallel  to  Rr. 
The  ray  Rr  has  theiWore  suffered 
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double  refraction  in  passing  through  summit  A upon  point  of  any  of  1 he 
the  rhomb,  and  as  the  very  s;irae  phe-  faces,  it  is  manifest  that  the  doul  le 
nomena  will  take  place  by  making  the  refraction  cannot  arise  from  any  difttr- 
ray  Hr  fall  at  the  same  incidence  and  ence  of  density  in  different  parts  of  the 
in  the  same  direction  relative  to  the  rhomb. 

Fig,  2. 


In  order  to  prove  this,  however,  by  there  is  only  one  such  Hne  or  plane,  are 
direct  experiment  let  the  angles  of  re-  called  crystals  or  bodies  with  one  arts, 
fraction  of  the  ray  ro,  r«  be  measured  or  one^ne  of  axee  of  double  refrac- 
corresponding  to  the  different  angles  of  tion^  and  tliose  which  have  /ico,  three, 
incidence  of  R r,  beginning  at  a perpen-  four,  &c.  such  lines  are  called  crystals 
dicular  incidence  or  0®.  It  will  then  be  or  bodies  with  tivo,  three,  four, 
found  that  at  0°  tlie  ray  r o has  suffered  axes,  or  planes  of  axes,  of  df)uble  re- 
no  refraction,  and  that  at  10^ — 20° — 30°,  fraction. 

See.  its  refraction  is  such  as  it  should  be  Drf.  4.  When  the  doubly  refracting 
by  the  ordinary  law  of  the  sines;  the  force  does  not  exist  in  any  of  these  axes 
sine  of  the  angle  of  refraction  being  to  or  planes  of  axes,  the  axis  is  called  a 
the  sine  of  the  angle  A incidence  in  a real  axis  of  double  refraction ; but 
constant  ratio.  With  the  ray  rc,  how-  when  the  disap|>earance  of  double  re- 
ever,  the  case  is  very  different ; at  0°  its  fraction  arises  from  the  existence  of 
angle  of  refraction,  in  place  of  being  0°,  two  opposite  and  equal  doubly  refract- 
is 6°  1 2' ; and  at  1 — 20° — 30°.&c.itis  ing  forces  which  destroy  one  anotlier, 
such  as  not  to  follow  the  constant  ratio  the  axis  or  plane  of  axes  are  called  h 
of  the  sines.  Hence  it  follows  that  Ice-  resultant  axis  or  plane  of  double  re- 
land  spar  has  a double  refraction,  sepa-  fraction,  or  an  on#  or  plane  of  coinpen- 
rating  a pencil  of  light  into  two,  one  of  satioru 

which  is  refracted  according  to  tlie  or-  Def.  5.  If  the  ray  which  suffers  the 
dinary  law,  and  the  oUier  according  to  extraordinary  refraction  is  retracted 
a new  or  extraordinary  law,  towards  the  axis  or  plane  of  axes  of  a 

Def  1.  The  ray  ro  is  therefore  called  doubly  refracting  body,  the  axis  is  csdled 
the  ordinary  ray,  and  re  the  exfroor-  a positive  axis  of  double  refruciion ; 
dinary  ray.  and  if  it  is  refracted  from  Uie  axis,  it  is 

The  property  of  double  refraction  is  called  a negative  axis  qf  double  refrac- 
possessed  by  a very  great  number  of  tion. 
minerals  and  artificial  salts.  It  is  found  Chapter  I. 

also  in  various  animal  and  vegetable  Crystals  with  one.  Axis  of  Double  Be- 
bodies,  and  it  may  be  communicated  fraction  — * List  of  such  Crystals 
eiliier  transiently  or  permanently  to  Law  of  Double.  Refraction  in  those 

substances  in  which  it  does  not  naturally  with  a Negative  Axis — Law  oftt  in 

reside.  those  with  a Positive  Axis — Cry<- 

Def.  2.  In  all  doubly  refracting  sub-  tals  with  two  Axes  of  Double  Re~ 
stances  there  are  one  or  more  lines,  or  /raction  — Crystals  with  one  Axis 
one  or  more  planes,  along  wliich  there  for  one  Coloured  Light,  and  two  for 

is  no  double  refraction,  or  along  which  another  Coloured  Light  — Crystals 

no  doubly  refracting  force  exists.  with  many  Planes  of  Double  Refrac- 

Def,  3.  Tliose  substances  in  which  tion — Circular  Double  Refraction — 
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On  the  Double  B^aetion  produced 
bg  Heat  and  Preeeure. 

I. — Cryetale  with  one  Axis  of  Double 
Refraction. 

From  the  examination  of  a ^at  num- 
ber of  crystallised  bodies.  Dr.  Brewster 
found  that  all  those  bodies  which  crys- 
tallised in  the  form  of  the  rhomboid,  the 
regular  hexahedral  prism,  the  octohe- 
dron  with  a square  base,  and  the  right 
prism  with  a square  base,  have  one 
axis  of  double  refraction,  and  he  has 
arranRed  them  as  follows: — ^The  sign— 
indicating  that  the  axis  is  negative,  and 
the  sign  + that  it  is  positive. 

Table  of  Crystallised  Bodies  having  one 
Axis  of  Double  Refraction. 

i. — Rhomb  with  an  Obtuse  Summit 
Pig.  3. 


A 


— Carbonate  of  I.ime  (Iceland  Spar.) 

— Carbonate  of  Lime  and  Iron. 

— Carbonate  of  Lime  and  Magnesia. 

— Carbonate  of  Zinc. 

— Nitrate  of  Soda. 

Phosphate  of  Lead. 

— Phosphato-Arseniate  of  Lead. 

— Levyne. 

— Tourmaline. 

— Rubellite. 

— Ruby  Silver. 

_ Alum-stone. 

+ Dioptase. 

-t-  Quartz. 

ii. — Rhomb  with  Acute  Summit. 


A 


— Corundum. 

— Sapphire. 

— Ruby. 

— Cinnabar. 

— Arseniate  of  Copper. 

iii. — Regular  Hexagonal  Prtsm. 
Ffg.S. 


— Emerald. 

— Beryl. 

— Phosphate  of  Lime. 

— Nepheline. 

— Arseniate  of  Lead. 

+ Hydrate  of  Magnesia. 

iv. — Octahedron  with  a Square  Base. 
Fig.  6 


A 


-(-  Zircon. 

-h  Oxide  of  Tin. 

-h  Tungstate  of  Lime. 

— Mellite. 

— Molylidate  of  Lead 

— Oclohedrite. 

— Prussiate  of  Potash. 

V. — Right  Prism  with  a Square  Base. 
Fig.  7. 


Digitized  by  Google 


4 


DOUBLE  REFRACTION. 


+ 'ntanite. 

— Idocr&se. 

— Wernerite. 

— Paranthine. 

— Meionite. 

— Subphosphate  of  Potash. 

— Edingtonite. 

+ Apophyllite  of  Uton. 

+ Superstate  of  Copper  and  Lime. 

— Phosphate  of  Ammonia  and  Mag- 

nesia. 

— Hydrate  of  Strontitcs. 

— Arseniate  of  Potash. 

— Sulphate  of  Nickel  of  Copper. 

— Somervillite. 

-I-  Oxahverite. 

In  all  these  crystals  the  axis  of 
double  refraction  coincides  with  the 
line  A B,  which  is  the  axis  of  the  geo- 
metrical solid. 

The  following  crystals,  whose  primi- 
tive form  has  not  been  perfectly  deter- 
mined, have  also  one  axis  of  double 
refraction. 

pAilien  of  lh«  Awm. 

— Mica  from  Kariat.  . . Perpendicu- 

lar to  the  Lamins. 

— Mica  with  Amianthus  . Perpendicu- 

lar to  the  Laminrn. 

— Muriate  of  Lime  . . Axi.s  of  Hex- 

agonal Prism. 

— Muriate  of  Strontian  . Axis  of  Hex- 

agonal Prism. 

— Hyposulphate  of  lime  Axis  of  Hex- 

agonal Table. 
+ Boracite  . . Axis  of  Rhomb  of  90°. 
-t-  Apophyllite  surcomposie  . Perpen 
dicular  to  the  Plate. 
+ Sulph.  of  PoL  and  Iron  Axis  of  Hex- 
agonal Prism, 
-h  Ice Axis  of  Hex- 

agonal Prism  or  Rhomb. 

— Cyanuret  of  Mercury  . . . Axis  of 

Square  Prism. 

Having  thus  given  a list  of  those  re- 
gular crystals  which  have  one  axis  of 
double  refraction,  we  shall  now  proceed 
to  describe  the  phenomena  which  they 
exhibit,  and  to  explain  the  law  ly  which 
the  phenomena  are  regulated.  In  doing 
this,  we  shall  begin  with  crystals  which 
have  one  negative  axis,  such  as  Iceland 
spar,  a mineral  which  is  peculiarly 
adapted  for  investigating  the  pheno- 
mena of  double  refraction 

2. — On  the  Law  of  Double  Refraction  in 
Cryetalt  with  one  Negative  Axit. 

If  we  grind  down  and  polish  the  two 
opposite  summits  A,  B,  fg.  I,  of  a 


rhomb  of  Iceland  spar,  so  that  the  faces 
are  perpendicular  to  the  axis  A B.  we 
shall  find  that  a ray  of  light  transmitted 
parallel  to  A B is  not  divided  into  two 
pencils.  This  will  be  the  case  whether 
the  ray  is  incident  perpendicularly  upon 
the  two  faces,  or  obliquely  upon  any 
face  not  perpendicular  to  A B,  provided 
that  in  the  latter  case  the  refitted  ray 
is  parallel  to  AB.  If,  in  this  latter 
case,  we  measure  the  index  of  refrac- 
tion of  the  Iceland  spar,  we  shall  find  it 
as  follows ; — 


Index  of  refiac-' 
tion  along  tire 
axis. 


1 . 6543  ordinary  ray. 
1 . 6543  extraor.  ray. 


If  we  measure  the  indices  of  refiae- 
tion  in  a direction  perpendicular  to 
each  of  the  six  faces  of  the  rhomb 
(which  arc  all  inclined  44°  36'  34"  to 
the  axis)  so  that  the  plane  of  incidence 
passes  through  A B,  we  shall  find  them 
as  follows ; — 


Indices  of  refrac-1 

tion  perpendicu-ll. 6543  ordinary  ray. 
lar  to  the  faces f 1 . 5720  extraor.  ray 
of  the  rhomb.  J 


If  we  now  grind  a face  parallel  to 
A B,  and  measure  the  indices  of  refrac- 
tion in  a plane  of  incidence  perpendicu- 
lar to  A B,  we  shall  find  them  to  be  the 
same  all  round  the  axis,  and  to  be  as 
follows : — 


Indices  of  reftac-i 
tionperpendicu-V 
lar  to  the  axis.  J 


1.6543  ordinary  ray. 
1.4833  extraor.  ray. 


From  these  results  it  follows  that  the 
double  refraction,  or  the  force  which  pro- 
duces it,  disappears,  or  is  nothing  when 
the  ray  acted  upon  passes  along  the 
axis  of  the  crystal ; that  it  increases  with 
the  angle  which  the  ray  forms  with  the 
axis ; and  is  a maximum  when  the  inci- 
dent ray  is  perpendicular  to  the  axis. 

In  order  to  discover  the  precise  law 
by  which  the  doubly  refracting  force 
increases  as  the  inclination  of  the  inci- 
dent ray  with  the  axis  increases,  Huy- 

fens  measured  the  double  refraction  at 
iffcrent  angles,  and  found  that  the  re- 
ciprocal of  the  index  of  refraction  of  the 
extraordinary  ray  was  measured  by  the 
radius  of  an  ellipse  whose  lesser  axis  is 

to  its  greater  a, 

the  reciprocals  of  the  greatest,  and  the 
least  index  of  extraordinary  refraction. 

In  order  to  make  this  plain,  let  us 
suppose  that  the  rhomb  of  calcareous 
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•pnr  is  turned  in  a lathe  to  an  exact 
sphere  ABC  D./g-.  8,  whose  centre  is 

Fig.  8. 


0,  and  whose  axis  A B corresponds  with 
the  axis  of  the  rhomb  A B,  fig.  3. 
Through  O draw  c O </  at  right  angles 
to  the  axis  A B,  and  set  off  O c,  O d,  so 
that  0 A or  O B is  to  O c or  O rf  as 


.6742,  and  through  the  points  A,  B.  c,  d 
draw  the  ellipse  K cad.  Then,  if 
Ra6is  a ray  of  light  incident  on  the 
rhomb  at  A,  at  an  inclination  to  A B of 
ROA  or  44®  36'  34",  the  radius  Oa 


Having  thus  explained  the  law  which 
regulates  the  variation  of  the  variable 
index  of  extraordinary  refraction,  we 
shall  proceed  to  illustrate  some  of  the 
other  properties  of  double  refraction 
as  they  appear  in  calcareous  spar. 

Let  A C B D,/fg.  9,  be  a secbon  of  the 
rhomb  passing  through  the  axis  AB  (see 
fig.  3).  This  and  every  section  passing 

Fig.  9. 


I* 


of  the  ellipse  will  be  found  either  by 
projection  or  calculation  to  be  .6361 

or  Hence,  the  index  of  refrac- 

tion for  the  extraordinary  ray  formed  by 
R A will  be  1 . S 72. 

As  the  reciprocal  of  this  index  in- 
creases from  A to  C,  it  svill  itself  dimi- 
nish, and  consequently,  though  the  suc- 
cessive increments  ab,Cc  of  its  reci- 
procal increase  also,  the  successive  de- 
crements of  the  index  (viz.  Cc= . 1710 
and ab— . 0823)  will  be  negative,  or  to 
be  subtracted  from  the  maximum  index 
1.654. 

If  we  now  call  m!  the  index  of  extra- 
ordinary refraction,  (or  the  velocity  of 
the  extraordinary  ray.)  and  f the  incli- 
nation of  that  ray  to  the  axis,  then  it 
may  be  shown  that 

m'*=  1.6543*' -I-  0.536510  sin.*  j 
that  is,  the  square  of  the  index  of  extra- 
ordinary refraction  at  any  inclination  <p 
is  equal  to  the  square  of  the  greatest 
index  of  extraordinary  refraction  (or  the 
index  of  ordinary  refraction)  diminithed 
by  a quantity  varying  with  the  inchna- 
tion  to  the  axis. 

Hence,  we  see  the  propriety  of  calling 
such  crystals  negative,  because  the  term 
which  expresses  the  influence  of  the 
doubly  refracting  force  is  always  nqgo- 
Uv«. 

The  above  turmula  becomes — 

«'=  ^^•''36693— 0.53610  sin.* p. 


through  the  axis iscalledacnncipo/ sec- 
lion  of  the  crystal.  DrawPQ  perpendicu- 
lar to  the  surface  AC  at  r.  A ray.  P r,  inci- 
dent perpendicularly  at  r,  will  be  divided 
intotwo  rays.theordinary  onerQ,  which 
goes  straight  on,  and  the  extrao^inary 
ray  rM.  Then,  if  two  rays  Rr,  R'r, 
fall  on  the  same  point  r at  equal  incli- 
nations to  Pr,  or  at  equal  angles  of  in- 
cidence, but  in  the  plane  of  the  section 
A C B D,  the  extraordinary  rays  of  each, 
viz.  rT,  rS,  will  be  so  refracted  that 
T M =S  M,  and  these  refracted  rays,  as 
well  as  the  ordinary  ones  rt,ri,  will  be 
all  in  the  same  plane. 

The  force  which  produces  the  extra- 
ordinary refracUon  exerts  itself  as  if  it 
emanated  or  proceeded  from  the  axis 
A B of  the  rhomb ; for  when  the  plane 
of  incidence  passes  through  the  axis,  the 
extraordinary  ray  is  always  in  the  same 
plane.  But  if  the  plane  of  incidence  is 
inclined  at  any  angle  to  the  axis,  the 
extraordinary  ray  is  pushed  out  of  that 
plane  by  the  force  proceeding,  as  it  were, 
from  the  axis ; and  hence  it  is  tedious, 
either  by  a graphic  projection  or  by  cal- 
culation to  determine,  in  that  case,  tlie 
position  of  the  extraordinary  ray. 

When  the  plane  of  incidence  is  per- 
pendicular to  the  axis,  or  is  in  what 
may  be  called  the  equator  of  double 
rejraction,  where  the  force  is  a maxi- 
mum, the  extraordinary  ray  is  always 
in  the  plane  of  incidence,  and  its  position 
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may  be  determined  at  all  anglea  of  inci- 
denue  in  thii  plane,  in  the  same  manner 
as  if  it  were  acted  upon  with  an  ordi- 
nary force  whose  index  of  refraction  is 
1-6543. 

All  these  observations  are  equally 
applicable  to  all  the  other  crystals  with 
one  neeative  axis. 

The  following  are  the  number  of  prin- 
cipal sections,  or  planes  of  refraction, 
passing  through  the  axis  in  the  different 
primitive  forms  shown  in  flgt.  3 to  7. 

Rhomb 6 

Hexagonal  prism  ....  Infinite. 
Octohedron,  with  a square 

base 4 

Right  prism,  with  a square 

base Infinite. 

The  secondary  forms  of  these  crystals 
have,  of  course,  a different  number  of 
such  planes,  some  more  and  some  less. 

3. — On  the  Law  of  Double  Refraction  in 
Cryttah  with  one  poeitive  axis. 

The  mineral  called  quartz,  or  rock 
costal,  crystalliies  most  commonly  in 
six-sided  prisms,  terminated  with  six- 
sided  pyramids,  as  shown  iny^.  10.  If 
we  gnnd  down  and  iwlish 
the  summits  A and  B,  we 
shall  find  that  there  is  no  se- 
paration of  the  images,  orno 
double  refraction  when  the 
refr-acted  ray  passes  along 
the  axis  AB.  Hence  AB  is 
the  axis  of  double  refrvic- 
tion. 

If  in  this  case  we  mea- 
sure the  index  of  refraction, 
we  shall  find 


Fig.  10. 

A 


From  these  results  it  appears  that  the 
index  of  extraordinary  refraction  of 
quartz  increases  from  the  axis  to  the  equa- 
tor, whereas  in  Iceland  spar  it  diminishes. 
In  place,  therefore,  of  being  regulated 
by  an  ellipse  whose  lesser  axis  coincides 
with  the  axis  of  dou- 
ble refraction,  A B, 

Jig.  8,  it  is  regulated 
by  an  ellipse  whose 
greater  axis  AB  co- 
incides with  the  axis 
of  double  refrac-  - . . 

tion,  as  shown  in 
M.n.  D 

In  this  case  OA  will  be  to  Oc  as 


If  we,  therefore,  call  m'  the  index  of  ex- 
traordinary refraction  (or  the  velocity  of 
the  extraordinary  ray.)  and  f the  incli- 
nation of  that  ray  to  the  axis,  it  may  be 
shown  hat 


m'»=  1-5484*  + -030261  sin.* 
that  is,  the  square  of  the  index  of  the 
extraordinary  ray  m'  at  any  inclina- 
tion t is  equal  to  the  square  of  the  index 
of  ordinary  refi-action  increaeed  by  a 
quantity  varying  with  the  inclination  to 
the  axis. 

Hence,  we  see  the  propriety  of  calling 
such  crystals  potitive,  because  the  term 
which  expresses  the  influence  of  the 
doubly  refracting  force  is  always  poti- 
tive.  The  above  expression  becomes 
ml  = V2'397y+^63026Tsin.*'p. 
The  existence  of  a positive  axis  of  dou- 
ble refraction  in  quartz  was  discovered 
by  M.  Biot. 


Index  of  refrac- r 1-5484  ordinary, 
tion  at  any  axis  11-5484  extraordinary. 

If  we  measure  next  the  indices  of  re- 
fraction in  a direction  perpendicular  to 
any  of  the  faces  E of  the  pyramid  (which 
are  all  inclined38°20'  to  the  axis), so  that 
the  plane  of  incidence  passes  through 
AB,  we  shall  find  them  as  follows  : — 


Index  of  refraction  1 
perpendicular  to|l'5484  ordinary  ray. 
the  faces  of  tbef  1-5544 extraonL  ray. 
pyramid  . . ,J 


In  like  manner,  we  shall  find  that  the 
indices  ofrefraction  through  CD,_/?g.  11, 
and  in  a plane  perpendicmar  to  the  axis 
AB,  are 

Indices  of  refraction)  „ 

perpendiculartothe  ordma^. 

of  the  prism  J ‘ extraordm. 


4. — On  Crystals  dth  two  Axes  of  Dou- 
ble Rrfraction. 

The  great  body  of  crystals,  whether 
they  are  mineral  or  chemical  substances, 
have  two  axes  of  double  refraction. 
This  discovery  was  made  by  Dr.  Brews- 
ter, who  traced  the  double  image  through 
the  crystals,  and  found  the  double  re- 
traction to  diminish  as  the  ray  ap- 
proached two  lines  or  axes,  and  at  last 
to  disappear  wholly  when  the  ray  passed 
along  either  of  these  two  axes.  He 
found  also  that  these  lines  were  not  co- 
incident with  any  prominent  lines  in  the 
crystalline  form,  and  that  they  formed 
various  angles  with  each  other  from  the 
smallest  angle  in  glauberite  up  to  90°  in 
sulphate  of  iron. 

After  examining  more  than  one  hun- 
dred of  these  crystals.  Dr.  Brewster  also 
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found  that  all  crystals  which  belon?  to 
the  prismatic  system  of  Mohs,  or  whose 
primitive  forms  are  the  right  prism  with 
its  base  a rectangle,  a rhomb,  or  an 
oblique  parallelogram ; the  oblique 
prism,  with  its  base  a rectangle,  a 
rhomb,  or  an  oblique  parallelogram,  or 
the  rectangular  and  rhomhoidal  octa- 
hedron, have  two  axes  of  double  refrao- 
tion. 

In  these  cases  the  double  refraction 
follows  avery  complicated  law  (see  Chap. 
VIII.);  and  M.  Fresnel  has  made  the 
important  discovery  that  both  the  rays 
follow  a law  of  extraordinary  refraction. 

5.  — On  Crystals  which  hare  tiro  Axes 

for  the  most  refrangible,  and  one 

Axis  for  the  least  refrangible  rays. 

This  singvdar  property  was  discovered 
by  Dr.  Brewster  in  Glauberite,  in  which 
he  found  two  resultant  axes  inclined 
to  one  another  at  an  angle  of  5°  when 
red  light  was  used,  and  only  one  nega- 
tive axis  when  violet  light  was  used.  In 
this  case,  however,  it  may  be  shown,  by 
principles  which  will  afterwards  be  ex- 
plained, that  glauberite  has  more  than 
one  real  axis  even  for  the  violet  rays*. 

6.  — On  Crystals  with  many  Planes  of 

double  Refraction. 

In  all  the  crystals  hitherto  mentioned  the 
double  refraction  is  related  solely  to  one 
or  more  lines  or  axes ; but  Dr.  Brewster 
has  found  that  analdme  has  its  double 
refraction  related  to  various  planes 
within  the  crystal,  in  all  of  which  the 


double  refraction  diswpears.  This  re- 
markable structure  will  be  more  i)arti- 
cularly  described  in  a subsequent  part 
of  the  treatise. 

7.  — On  Crystals  with  circular  double 

Refraction. 

M.  Fresnel  has  discovered  (that  a ray 
of  light  passing  along  the  axis  of  quartz 
where  its  ordinary  double  refraction  va- 
nishes, is  divided  into  two  rays  which  have 
remarkable  properties.  The  law  of  varia- 
tion of  the  doubly  refracting  force  is 
not  known,  but  the  properties  of  the 
two  rays  to  which  it  gives  rise  will  be 
afterwards  described. 

8.  — On  Bodies  to  which  double  Refrac- 
tion may  be  communicated  by  Heat 
and  Pressure, 

Bodies  with  one  or  more  axes  of  dou- 
ble refraction  may  be  formed  artificially 
out  of  glass,  &c.  either  by  pressure  or 
by  the  transmission  of  heat,  or  by  rapid 
cooling.  In  these  cases  the  double  re- 
fraction depends  on  the  external  form 
of  the  body,  and  changes  with  a change 
of  form.  If  the  body  is  a cylinder,  it 
may  be  made  to  have  one  negative  or 
one  positive  axis  of  double  refraction. 
If  it  is  a cylinder  whose  section  is  an 
ellipse,  or  if  it  is  a parallelopiped,  it  will 
have  more  than  one  axis ; and  if  it  is  a 
sphere  it  will  have  an  infinite  number  of 
axes  of  double  refraction.  In  all  these 
cases  the  double  refraction  may  be  accu- 
rately calculated,  as  will  be  shown  in  a 
subs^uent  part  of  this  treatise. 


Part  II. 

ON  THE  POLARISATION  OF  LIGHT. 


“Thb  Phenomena  of  the  Polarisation 
of  Light."  to  use  the  language  of  one  of 
our  most  eminent  mathematicians  and 
natural  philosophers^,  “ are  so  singular 
and  various,  that  to  one  who  has  only 
studied  the  subject  of  physical  optics 
under  its  ordinary  relations,  it  is  like 
entering  into  a new  world,  so  splendid 
as  to  render  it  one  of  the  most  delightful 
branches  of  experimental  inquiry  ; and 
so  fertile  in  the  views  it  lays  open  of  the 
eonstitution  of  natural  benies,  and  the 
minuter  mechanism  of  the  universe,  as 
to  place  it  in  the  very  first  rank  of  the 
physico-mathematicu  sciences." 

When  light  emitted  from  the  sun.  or 
from  any  self-luminous  body,  is  reflected 
from  the  surface,  or  transmitted  through 

• Edinhntjfh  Juvnutl  Seismer.  No.  XIX. 
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the  substance  of  any  homogeneous  un- 
crystalhsed  body,  the  property  of  the 
reflected  or  transmitted  light  continues 
the  same  when  we  turn  round  the  body, 
so  that  the  light  falls  on  the  first  surface 
always  at  the  same  angle ; that  is,  the 
different  sides  of  the  rays  exhibit  no 
different  properties  in  relation  to  the 
plane  of  its  incidence.  Such  light  is 
called  common  light. 

A kind  of  light,  however,  has  been 
discovered  which,  when  r^ected  from 
the  surface,  or  transmitted  through  the 
substance  of  homogeneous  unciystal- 
lised  bodies,  exhibits  different  proper- 
ties when  the  body  is  turned  round  in 
the  manner  above  described.  Hence 
it  follows  that  different  sides  of  the  rays 
of  such  light  must  have  different  pro- 
perties in  relation  to  the  plane  of  their 
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incidmee,  and  hence  this  light  is  called 
Doiarited  light,  because  its  rays  have 
point,  or  sides  with  different  i>ropcrties. 

Polarised  light  is  never  emitted  from 
any  self-luminous  body,  or  from  any 
artificial  fiame  produced  by  combustion. 
Whenever  it  is  obtained,  it  must  have 
previously  existed  in  the  state  of  com- 
mon light,  from  which  it  may  be  pro- 
cured in  three  ways : 

1.  By  reflexion  from  the  surfaces  of 
transparent  and  opaque  bodies. 

2.  By  Irantmittion  through  a number 
of  plates  or  planes  of  uncrystallised  bodies. 

3.  By  transmission  through  bodies 
regularly  crystallised,  and  possessing  the 
property  of  double  refraction. 


Chaptkr  II. — Polaritatum  of  light 
by  R^xion — Ditcoveriet  of  Modus — 
Dr.  Bretcsler’t  Law  of  the  Tangents 
— Table  of  the  polarising  Angles  of 
bodies — Polarisation  of  light  at  the 
second  surfaces  of  bodies — Polarisa- 
tion of  light  at  the  separating  sur- 
faces of  two  media — By  successive 
Reflexions — State  qf  partially  po- 
larised light — The  polarising  angle 
used  to  measure  refractive  powers. 

In  order  to  explain  the  difference  be- 
tween common  and  polarised  light,  let 
tv,  fig.  12.  be  a plate  of  glass  placed  at 
the  end  of  the  tube  M N,  so  that  a ray 
of  light  R A,  incident  at  A,  may  be  re- 
flected along  the  axis  of  the  tube  M N. 


K 


At  the  end  of  another  smaller  lube  N P, 
which  can  turn  round  within  M N,  place 
a similar  plate  of  glass,  capable  of  re- 
flecting a ray  A C to  the  eye  at  E. 

Let  a ray  of  light  R A fall  upon  the 
vertical  plate  of  glass  A at  an  angle  of 
incidence  of  56°,  so  as  to  be  reflected  in 
the  direction  AC  ; and  let  this  reflected 
ray  A C fall  at  the  same  angle  of  inci- 
dence of  56°  upon  a plate  of  glass  C, 
and  be  reflected  from  it  to  E.  Then  in 
the  position  shown  in  the  figure,  where 
the  first  reflexion  is  made  m a horizontal 
plane  RAC,  and  the  second  in  a vertical 
nlane  ACF,  the  ray  CE  will  be  .so  weak 
as  to  be  scarcely  visible,  the  plate  of 
glass  C E having  almost  no  power  to 
reflect  the  light  A C.  If  we  now  turn 
round  thctulie  NP  within  NM,  without 
shifting  the  tube  MN,  and  reflector  A, 
the  ray  C E will  become  stronger  and 
stronger  till  it  has  been  turned  round 
90°,  or  so  that  the  plane  of  reflexion 
A C F.  is  horizontal  like  RAC.  In  this 
position  the  light  in  the  l»am  C E 
IS  the  greatest  possible.  If  we  con- 
tinue to  turn  the  tube,  C E will  become 
fainter  and  fainter,  till  after  being  turned 
round  90°  more,  when  the  plane  of  re- 


flexion ACE  is  again  vertical,  the  ray  CE 
will  almost  cease  to  be  visible.  After  a 
farther  motion  of  90°,  the  ray  C E will 
recover  its  strength ; and  by  90°  more, 
which  brings  the  plate  C back  into  its 
first  position,  as  shown  in  the  figure, 
the  ray  C E will  cease  to  be  visible. 

From  this  experiment  it  clearly  fol- 
lows, that  when  the  upper  or  the  under 
side  of  the  fay  AC  is  towards  or 
nearest  the  reflecting  plate  C,  the  plate 
is  incapable  of  reflecting  it,  whereas 
when  the  right  or  left  situ  of  the  ray  is 
towards  or  nearest  the  reflecting  plate, 
the  plate  reflects  it  as  it  would  do  com- 
mon light;  and  at  intermediate  posi- 
tions intermediate  degrees  of  light  are 
reflected.  The  ray  A C has,  therefore, 
properties  different  from  common  light ; 
and  as  the  common  light  R.A,  from 
which  it  has  been  obtained,  has  suffered 
no  other  change  but  that  of  reflexion,  we 
are  entitled  to  conclude  that  light  be- 
comes 
or  56 
theref 

refuses  to  be  reflected  by  the  surface  of 
a transparent  body  when  it  is  incident  at 
an  angle  of  about  SC°,  and  in  two  positions 


polarised  by  reflexion  at  an  angle 
° from  glass.  The  simple  test, 
ore,  of  polarised  light  is,  that  it 
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at  right  angles  to  'one  another,  which 
will  be  discovered  by  turning  the  reflect- 
ing surface  round  the  polarised  ray. 

This  beautifid  property  of  light,  in 
virtue  of  which  it  is  polarisra  by  reflexion, 
and  refuses  to  be  again  reflected  under 
the  circumstances  above  described,  was 
discovered,  in  1810,  by  M.  Malus,  a 
French  philosopher  of  distinguished 
eminence. 

In  continuing  his  researches,  Malus 
found  that  black  marble,  ebony,  and 
other  opaque  bodies,  polarised  the  light 
by  reflexion  lilie  transparent  ones ; and 
that  when  the  light  RA  was  incident  on 
A at  an  angle  kelow  or  above  55°,  only 
a part  of  the  reflected  ray  was  po- 
larised ; and  that  the  light  which  fell 
upon  the  second  surface  of  the  glass 
plate  was  polarised  at  the  same  time 
with  that  wnich  fell  upon  the  first  sur- 
face. He  found  the  angle  of  incidence 
upon  water,  at  which  it  polarised  the 
light  most  completely,  to  be  52°  45',  and 
the  angle  for  glass  to  be  55° ; and  he 
concluded  that  the  property  by  which 
bodies  polarised  light  was  independent 
of  the  other  modes  of  action  which  they 
exert  upon  light. 

The  experiment  represented  in 12 
is  susceptible,  as  Dr.  Brewster  has 
shown,  of  a singular  and  pleasing  varia- 
tion. If,  in  the  position  shown  in  the 
figure,  when  the  ray  AC  is  not  reflected, 
and  the  body  from  which  it  proceeds 
therefore  not  seen  to  an  eye  at  E,  we 
breathe  gently  upon  the  glass  E,  the  ray 
C E will  be,  as  it  were,  revived,  and  the 
candle  or  body  from  which  RA  proceeds 
will  become  instantly  visible.  The  rea- 
son of  this  is,  that  a thin  film  of  water 
is  deposited  upon  the  glass  by  breathing ; 
and  as  water  polarises  light  at  an  an^e 
of  52°  45',  the  glass  C should  have  bran 
inclined  at  an  angle  of  52°  45'  to  AC,  in 
order  to  be  incapable  of  reflecting  the 
polarised  r^  ; but  as  it  is  inclined  at  an 
angle  of  56  , it  has  the  power  of  reflect- 
ing a portion  of  A C. 

If  w e now  place  the  glass  C at  an  an- 
gle of  52°  45'  to  AC,  then  it  will  reflect 
a portion  of  the  polarised  ray  to  the  ej  e 
at  E ; but  if  we  breathe  upon  the  glass 
C,  the  reflected  light  will  disappear, 
because  the  reflecting  surface  is  now 
water,  and  is  placed  at  an  angle  of 
52°  45',  the  jKjiarising  angle  for  water. 
If  we,  therefore,  place  beside  each  other 
two  sets  of  reflectors,  arranged  as  above 
described,  we  may,  by  breathing  upon 
two  adlacent  plates  of  glass,  exhibit  the 


parado»cal  phenomenon  of  recovering 
and  extinguishing  a luminous  image  by 
the  same  oreath. 

While  repeating  the  experiments  of 
M^us,  Dr.  Brewster  measured  the  po- 
larising angles  of  a great  number  of 
transparent  bodies,  and  found,  from  a 
careful  comparison  of  them,  that  they 
led  to  the  following  simple  law ; — 

The  index  of  refraclion  for  any  trans- 
parent body  is  the  tangent  of  its  angle 
of  mlarisation. 

The  following  are  the  observations  by 
which  this  law  is  confirmed. 


Air  . 

Water  . 

Fluor  spar  . 
Obsidian 
Sulphate  of  lime 
Crown  glass  . 
Rock  crystal 


Topaz 


umenrea  roinuui( 

. 45°or47° 


riting  anal*. 

45°  (1'  32" 


Mother  of  pearl 
Iceland  spar  J 
Spinelle  ruby 
Zircon  . 

Glass  of  antimony 
Sulphur 
Diamond 


Chromate  of  lead 


. 53^= 

I4'» 

53°  11 

. 54 

50 

55 

9 

. 56 

3 

56 

6 

. 56 

2.S+ 

56 

45 

. 56 

12 

56 

45 

. 57 

22 

56 

58 

es  57 

471 

- 58 

58 

33 

- 58 

29j 

. 58 

40) 

. 59 

of 

58 

.34 

. 58 

47 

58 

50 

. 58 

51 

58 

51 

. 60 

16 

60 

25 

. 63 

8 

63 

0 

64 

45 

64 

30 

. 64 

10 

63 

45 

V 68 

2) 

V 67 

13[ 

68 

I 

. 67 

oi 

. 67 

48 

68 

3 

If  the  original  beam  of  light  R A has 
considerable  intensity,  it  will  be  observed 
that  the  reflected  pencil  C E does  not 
wholly  vanish,  and  that  the  remaining 
portion  is  coloured.  This  effect  is  finely 
seen  when  we  use  oil  of  cassia,  which 
has  a great  dispersive  power,  or  diamond 
or  chromate  of  lead.  Wilhg-foss  it  isof 
a purple  colour,  and  with  oil  of  cassia 
it  IS  a fine  blue;  these  colours  varying 
according  as  the  angle  of  reflexion  is 
above  or  below  the  polarising  angle. 
This  unpolarised  light  Dr.  Brewster 
ascribed  to  the  circumstance,  that  as  the 
different  rays  had  in  every  substance 
different  indices  of  refraction,  they 
would  have  also  by  the  general  law  dif- 


• This  is  a m^An  of  four  obserTstioas  by  M 
Malnn,  M.  Ars^  M.  Biol,  aodllt.  Brewster, 
t Meea  of  observsiiotis, 

t Tbis  ud  other  crysuU  with  powerfol  double 
refraetioo  five  ditferest  polerisiDf  aafies  in  dif* 
fereat  asimalkt. 
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ferent  angle*  of  polarisation,  and  upon 
making  the  experiment  with  homogene- 
ous light  he  found  that  the  unpolarised 
portion  disappeared.  When  the  blue 
light,  therefore,  is  polarised,  and  disap- 
pears to  an  eye  at  E,  /ig.  11,  the  red 
light  is  nut  polarised,  and  consequently 
is  partly  reflected  to  the  eye  at  E.  In 
like  manner,  when  the  angle  is  such  as 
to  polarise  the  red,  the  blue  is  not  po- 
larised, and  is  consequentlv  partly  re- 
flecteil  to  the  eye  at  E.  lliis  will  be 
obvious  from  the  following  table : — 

Water. 

IwlkM  of  Poloriatiy 

rrfyocUna.  VerUUon. 

I'.TSO  red  rays  — .^3’  4'1 
r.336  mean  rays  — 53  11>  15' 

T342  violet  rays  — 53  19J 

Plate  Glass. 

1 ‘5 15  red  rays  — 56  361 
1-525  mean  rays  — 5"  45  > 19' 

I '535  violet  rays  — 57  55j 

Oil  of  Cassia. 

1’597  red  rays  — 57  57) 

1'641  mean  rays  — 58  39)1®  24' 

1 '687  violet  rays  — 59  2l) 

A number  of  important  conclusions 
may  be  drawn  from  the  law  of  the  tan- 
gents now  explained.  Let  MN.yfg.  13, 
be  a surface  of  any  transparent  body, 
and  having  drawn  E A K perpendicular 

Fig.  13. 


to  M N,  describe  round  A as  a centre 
the  circle  M E N K.  Draw  E F a tan- 
gent to  the  circle  at  E,  and  making  A E 
= 1 , set  the  index  of  refraction  of  the 
body  M N,  I -525  for  glass,  from  E to  F, 
and  join  FA,  which  will  be  the  direction 
of  a ray  which  will  be  polarised  after 
reflexion  from  MN  in  the  direction  AD. 
The  angle  E.\B  = E AD  = 56°  45'  is  the 
polarising  angle  of  the  substance  M N, 
or  it  might  be  found  at  once  by  finding 
the  angle  in  a table  of  natural  tangents 
corresponding  to  1'525  in  the  column  of 


tangents.  If  we  now  calculate  the  an- 
gle of  refraction  C A K corresponding  to 
the  index  1.525,  and  to  the  incident  ray 
BA,  we  shall  find  it  to  be  32®  15',  or 
equal  to  the  complement  BAN  of  the 
angle  of  incidence,  and,  consequently,  to 
D A M.  Hence,  since  M A K is  a ri^t 
an^e,  DAC  will  be  a right  angle,  or 
the  r^ected  ray  >s  perpendicular  to  the 
refracted  ray.  'That  these  properties  are 
general  may  be  thus  shown  : — 

Since  tang.  B AE  = m.  or  index  of  re- 
BO  BO 

fraction,  we  have  C L = But 

m Ji  F. 

B G 

H B because  in  the  similar  trian- 
gles ABH,  AEF,  AH  or  BG  ;HB 
= EF  : Rad.  consequently  CL=HB, 
and  B A N = C A K,  tW  is. 

The  mmplement  of  the  polarising  an- 
gle IS  equal  to  the  angle  of  refraction. 

But  since  EAB-t-BAN  = 90°,  we 
liave  EAB-I-CAK  = 90°,  that  is. 

At  the  polarising  angle  the  sum  of 
the  angles  of  incidence  and  refraction  ts 
a right  angle. 

And  since  DAM  = BAK  = C AK, 
the  angle  D A C = M A K,  that  is, 

When  a ray  of  light  is  polansed  by 
nflerion,  the  reflected  ray  forms  a right 
angle  with  the  refracted  ray. 


Polarisation  of  Light  at  the  second 
Surfaces  of  Bodies. 

Hitherto  we  have  considered  only  what 
fakes  place  at  the  first  surface  of  bodies ; 
but  we  shall  find  that  the  same  law  is 
applicable  also  to  the  second  surfaces 
of  bodies. 

I,et  M N P Q,  fig.  14,  be  a plate  of 
glass,  AB  a ray  incident  on  the  first 
Fig.  14, 


surface  at  the  polarising  angle,  A D the 
polarised  ray ; and  A C the  refructed  ray. 
It  is  found  by  experiment,  that  the  ray 
C M reflected  at  the  second  surface  is 
polarised.  In  this  case,  too,  the  angle 
M C F formed  by  the  refracted  and  re- 
flected ray  is  a right  angle.  For  since 
D A C is  a right  angle,  M N parallel  to 
P C,  and  B Alo  C F,  the  angle  F C P is 
eoud  to  D A M,  but  M C P is  equal  to 
MAC:  lienee  the  whole  M C F is  equal 
to  the  whole  DAC  or  to  a right  ang^ 


Digitized  by  Got 


POLARISATION  OF  LIGHT.  It 


PolaHialion  of  LigM  at  the  separaHttg 
turfttcM  of  ttpo  mtdia. 

When  a ray  of  light  is  incident  at  the  separ 
rating  surface  of  bodies  of  different  refiao- 
tive  powers,  it  is  polarised  at  angles  whose 
tangent  is  equal  to  the  index  of  refraction. 
In  this  case,  if  »»  is  the  index  for  the 
most  refracting  body,  and  that  of  the 
least,  such  as  giast  and  water,  then  the 
index  for  the  separating  surface  will  be 

^ or  *——  = 1.1415,  which  is  the  tan- 
m'  1.336 

gent  of  48“  47'.  This  case  is  shown  in 
f)g.  15. 


ti 


ffg.  15,  where  PQ  is  the  separating  sur- 
face of  the  water  M N,  and  the  glass 
beneath,  R A the  ray  incident  on  the 
separating  surface,  A M the  rav  reflected 
at  the  separating  surface,  and  A C the 
refrswjted  by  it.  In  this  case  the  ray  A C 
may  Ijc  shown  to  be  at  right  angles  to 
A M by  the  same  reasoning  already  used. 

From  this  law  a curious  consequence 


WtM>a  ihff  of  Incidraoe  lire  orkatzh  thaa 

the  nmximiiin  Po]ari>iac  Anjtlo  or  56°  45^. 


Angles  At 

which  the 

fiMcstiarf  lo  Polmrifl* 

Incident  LieKt  ii  wholly 

the  Incident  Light. 

Polxriked. 

1 - - 

- - 56° 

45' 

2 - - - 

- - 62 

30 

3 - - - 

65 

33 

4 . - - 

- - 67 

33 

5 - - - 

- - 69 

I 

6 - - - 

- - 70 

9 

7 - - - 

- - 71 

5 

8 - - - 

- - 71 

51 

9 - - - 

- - 72 

30 

10  - - - 

- - 73 

4 

27  - - - 

- - 77 

40 

64  - - - 

- - 80 

41 

100  - - - 

- - 81 

57 

125  - - - 

- - 82 

32 

1000  - - - 

- - 86 

15 

is  deducible,  which  Dr.  Brewster  verified 
by  experiment  If  the  water  is  laid  in  a 
parallel  stratum  upon  the  surface  of  the 
glass,  there  is  no  angle  of  incidence  upon 
Its  first  surface  at  which  it  can  fall  that 
will  give  an  angle  of  incidence  upon  the 
separating  sur^e  PQ,  capable  of  po- 
lajising  the  pencil.  In  short,  the  pol^ 
ising  angle  would,  by  the  law,  be  great- 
er than  90°.  The  polarisation  of  the 
incident  pencil  increases  ftom  0°  of  in- 
cidence up  to  90°,  where  it  is  nearly  com- 
plete. 

Hence  we  see  the  reason  of  giving  the 
water  in  /^.  15  the  form  of  a prism. 

If  glass  is  used  in  which  m = 1.508, 
then  the  angle  of  incidence  or  the  stra- 
tum of  water,  which  would  permit  the 
polarisation  to  be  complete  at  the  sepa- 
rating surface  of  the  water  and  the  glass, 
would  be  exactly  90°. 

Polarisation  of  Light  by  suecessivs 
k^ie-vions. 

Although  there  is  only  one  angle  at  which 
incident  light  can  be  completely  polarised 
at  any  surface,  viz.  an  angle  wh^  tangent 
is  equal  to  the  refractive  index,  yet  by  re- 
fleebng  a ray  of  light  a sufficient  number 
of  times,  it  niayte  polarised  at  any  angle 
of  incidence.  This  property  of  light  was 
established  by  Dr.  Brewster  by  the  follow- 
ing experiments  made  with  glass,  whose 
index  of  refraction  was  1.525. 


When  th«  Angle*  of  Incidraoe  nn  LMi  thm  tbe 
naximam  Polamiog  Anjcle  or  56°  4y. 


Nninber  of  Redetions 

Angle*  at  which  (he 

neceaanrjr  fo  Polarine 

Incident  Light  ia  wboUr 

the  Incideol  Light. 

PoUrised. 

1 - - - 

- 56° 

45 

2 . - - 

- - 50 

26 

3 - - - 

- - 46 

30 

4 . . . 

- - 43 

51 

5 - - - 

- - 41 

43 

6 - - - 

- - 40 

0 

7 - - - 

- - 38 

33 

8 - - - 

37 

20 

9 - - - 

- - 36 

15 

10  - - - 

- - 35 

18 

27  - - - 

- - 26 

39 

64  - - - 

- - 20 

52 

100  - - - 

- - 18 

11 

125  - - - 

- - 16 

58 

1000  - - - 

- - 8 

46 

The  numbers  in  the  preceding  table 
were  computed  by  a formula  deduced 
firom  the  observed  residts  for  eight  re- 
flexions. 

In  the  preceding  experiments  the  suc- 
cessive reflexions  were  made  between  two 
plates  of  glass  placed  parallel  tc  each 
other;  but  Dr.  Brewster  obtained  the 


same  results  by  arranging  the  different 
glass  plates  so  as  to  form  the  circum- 
ference of  a polygon,  each  plate  receiving 
the  ray  reflected  by  the  one  before  it 
It  is  not  necessary  that  the  reflexions 
should  be  all  made  at  the  same  angle. 
Some  of  them  may  be  above  and  some 
below  the  polarisiiig  angle:  for  example. 
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two  reflexions  »t  »n  an^le  of  62°  30', 
which  is  above  the  polarising  angle,  and 
50°  2'6',  which  is  below  it,  will  also  po- 
larise the  incident  ray,  or  it  may  be 
done  by  several  reflections,  each  reflec- 
tion being  made  at  a different  angle. 
Dr.  Brewster  likewise  determined  that 
the  same  law  prevailed  at  the  separating 
surface  of  glass  and  water. 

On  the  Slate  of  Light  partialiy 
Polarited  by  R^xton. 

When  a ray  of  light  is  incident  on  a polar- 
ising medium,  at  an  angle  greater  or  less 
than  the  angle  of  complete  polarisation,  a 
portion  of  it  is  completely  polarised,  and 
this  polarised  portion  diminishes  from  the 
polarising  angle  on  one  side  to  0°  of  inci- 
dence ; and  on  the  other  to  90°,  when  it 
disappears.  The  other  portion  of  light  has 
been  regarded  by  Malus,  Biot,  Arago, 
Fresnel,  Dr.  Young,  and  others,  as  in  the 
state  of  common  light,  and  this  opinion 
has  been  deduced  from  speculative  views 
and  some  insidated  experiments,  the  re- 
sults of  which  are  incompatible  with  the 
preceding  facts  respecting  the  polarisation 
of  light  by  successive  reflexions.  The 
character  of  common  light  is,  that  it 
cannot  be  polarised  by  one  reflexion  at 
any  other  angle  of  incidence  than  one, 
viz.,  the  maximum  polarising  angle, 
which  for  glass  is  5C°  45'.  But  the  light 
under  our  consideration  has  received  a 
physical  change,  which  enables  it  to  be 
polarised  by  a second  or  a third  reflexion 
at  a greater  and  a less  angle  than  56°  45'. 
For  example,  a pencil  of  light  reflected 
from  glass  at  an  angle  of  70°,  contains 
a small  quantity  of  polarised  light,  which 
we  may  call  p,  and  a large  quantity  of 
other  light,  which  we  may  call  P.  The 
light  P will,  after  six  reflexions,  liave 
suffered  such  a physical  change,  that  it 
i$  capable  of  being  wholly  polarised  by 
ONE  reflexion  at  70°,  wliereas  such  a 
reflexion  is  not  capoble  of  polarising 
one-fifth  of  common  light  The  original 
pencil  of  common  light  has  suffered  a 
change  at  every  successive  reflexion, 
which  brings  it,  at  the  sixth  reflexion, 
into  the  state  of  polarised  light. 

Determination  of  refractive  Powers 
by  the  Polarising  Angle. 

The  law  of  the  polarisation  of  light  above 
explained  enables  us  to  measure  the  refrac. 
five  powers  of  bodies  which  are  not  trans- 
rent, and  which  could  not  therefore, 
submitted  to  the  ordinary  process, 
and  of  small  fragments  of  minerals  and 
other  substances.  If  the  substance  has  a 
plane  and  polished  siuface,  we  have  only 
to  place  it  on  a goniometer,  and  measure 


the  an^  of  maximum  polarisation,  and 
the  tangent  of  this  angle  will  be  the  index 
of  refrwtioa  If  the  substance  is  soft 
or  fusible  by  heat  we  may  impress  upon 
it  a plane  surfoce  with  a flat  piece  of 
glass  ; or  if  a surface  cannot  be  obtained, 
as  in  the  case  of  aninud  or  vegetable 
membranes,  we  may  press  them  with 
great  force  between  two  prisms  of  glass, 
and  measure  the  polarising  angle  at  the 
separating  surfluie  of  the  membrane  and 
the  glasa  In  the  case  of  fluids,  which 
do  not  assume  a level  surface,  or  which 
exist  in  too  small  quantities  to  be  put 
into  a vessel,  or  to  be  exposed  to  evapo- 
ration, we  have  only  to  place  them  on 
the  lower  sur&ce  of  a pnsm,  and  mea- 
sure the  polarising  angle  at  tbe  separat- 
ing surfricc.  The  tar^nt  of  this  angle 

will  give  and  m being  known  for 

glass,  we  shall  have  ni = ; — 

° tang.  A. 

Light  refracted  previous  to  its  Re- 
flexion, and  Polarised  by  bodies  at 
an  angle  of  45°. 

There  is  one  important  result  of  the 
law  of  the  tangents  which  Dr.  Brew- 
ster has  deduct  namely,  that  the 
force  which  produces  refraction  extends 
beyond  that  which  produces  reflexion, 
and  therefore  that  light  is  polarised  after 
it  has  suffered  refraction,  and  that  the 
real  angle  of  polarisation  in  every  body 
is  45°.  Let  M N,  fig.  16,  be  the  surface 
F1^.16. 


of  the  body,  O P the  termination  of  the 
attractive  force  which  produces  refraction, 
and  let  as  suppose  that  the  reflecting 
power  is  exerted  at  or  very  near 
the  surface  M N,  and  after  the  at- 
tractive force  has  produced  one  half  of 
the  whole  deviation  due  to  it  Ix;t  a ray 
R G be  incident  at  G at  the  polarising 
angle  ; let  G B be  the  refracted  ray  sub- 
sequently reflected  at  B to  A,  and  re- 
fracted again  at  A S.  Continue  S A 
to  C,  and  F B to  D.  Then,  since  half  of 
the  refraction  is  supposed  to  be  performed 
before  the  ray  reaches  B,  and  half  of  it 
after  it  enters  the  Irody  M N,  we  have 
BAG  equal  to  D B C,  or  to  half  the 
angle  of  deviatioa  But  ADB  ii  a 
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npht  angle ; hence  A B C is  likewise  a 
right  axi^t  and  the  angles  A B E*  G B E, 
each  hjuf  a right  angle,  or45°.  The  etf«:t 
of  the  refracting  force  consequently  has 
tieen  meiely  to  bend  the  ray  of  light  R G, 
so  as  to  make  it  suffer  rraexion  at  the 
particular  angle  of  4S°. 

Chapter  III. 

Polaritation  of  Light  by  ordinary  Se- 
fractinn — Experimentt  of  Malut — of 
Dr.  Breiciter — Lau>  of  the  Polaritu- 
tion  of  Light  transmitted  through  a 
Number  of  Plates — Condition  of  the 
Light  transmitted  through  one  or 
more  Plates. 

Hitherto  we  have  paid  no  attention  to 
fhe  state  of  the  ray  AC, 13,  refracted 
by  the  transparent  siufaee.after  the  part 
separated  from  it  by  reflexion  had  t>een 
iKilarised.  It  might  naturally  have 
been  expected  that  it  had  suffered 
some  change  in  its  properties ; but  it 
was  not  till  1811  that  it  was  disco- 
vered that  it  contained  a portion  of 
polarised  light*. 

Tills  property  will  be  better  understood 
if  we  make  use  of  a bundle  of  glass  plates, 
A B,  C L),fg.  1 7,  placed  pa^el  to  one 
Fig.n. 


another.  Let  a ray  R .A,  therefore,  fall 
upon  the  first  plate,  A B,  of  this  bundle, 
at  the  polarising  angle,  so  that  the  re- 
flected ray  A B'  will  be  polarised.  _The 
transmitted  ray  E F,  emerging  at  E, 
will  be  found  to  be  completely  polarised ; 
but  if  we  receive  it  upon  a plate  of  glass 
M N at  the  polarisii^  angle  oi  56°  45', 


* T)iit  (lincorery  wu  madt  by  Malat.  M.  Biot 
0itdc  the  Mue  tliscorerr  about  the  tame  time,  ana 
in  1813  Dr.  Brewtter  diioovered  the  tame  fnrt  by  a 
dUfkreot  iRethod,  and  hit  Paper  on  the  tubjrot  wat 
rvad  to  the  ftoral  Society  of  London  before  he  knew 
that  Uala  had  aaiictoaud  bun  ia  the  discorrrjr. 


we  shall  find  that  it  will  refuse  to  be 
reflected ; whereas  A B'  does  not  refuM 
to  be  reflected,  unless  the  plate  M N is 
turned  round  90°  into  a plane  at  right 
angles  to  the  plane  of  refraction  B A E, 
Hence  we  conclude — 

That  when  a ray  of  light  is  incident 
at  the  polarising  angle  upon  any  trans- 
parent body,  the  whole  of  the  reflected 
ray  is  polarised;  and  a nearly  equal 
portion  of  the  transmitted  ray  is  polar- 
ised in  a plane  at  right  angles  to  the 
polarisation  of  the  reflected  ray  *. 

If  we  now  take  two  bundles  of  glass 
plates  A B,  C Q.fig-  18,  and  place  them 
in  a similar  position,  so  that  the  planes 
F,g.  18. 


A <■ 


B O 


of  refraction  in  each  are  parallel  to  one 
another,  then  a ray  of  light  R S,  incident 
at  the  polarising  angle,  and  polarised  at 
sT  by  the  first  bundle,  will  penetrate 
the  second  bundle  as  at  T P ; and  not  a 
single  ray  of  it  will  be  reflected  by  the 
plates  of  the  second  bundle  C D.  If  we 
now  turn  C D round  its  axis,  the  trans- 
mitted light  PV  will  gradimlly  diminish, 
and  more  and  more  light  will  be  reflected 
by  the  plates  of  the  bundle,  til],  after  a 
rotation  of  90°,  the  ray  P V will  disappear, 
and  all  the  light  will  be  reflected.  By 
continuing  the  rotation  of  C D,  the  pencil 
P V will  again  appear,  and  be  a maximum 
at  180°,  a minimum  at  270°,  and  again  a 
maximum  at  0°,  when  it  has  returned  to 
its  first  position. 

In  order  to  determine  the  law  of  the 
phenomenon.  Dr.  Brewster  provided  him- 
self with  47  plates  of  crown  glass,  and, 
having  formed  them  in  succession  into 
bundles  of  47,  44,  41,  &c.  plates,  he 
measured  the  angles  at  which  the  trans 
mitted  ray  was  wholly  polarised,  and 
obtained  the  following  residts 
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. 78°52'  . 

79°11' 

10 

, 76.  24  . 

76.  33 

12 

. 74.  2 . 

74.  0 

14 

. 72.  15  . 

71.  30 

16 

. 69.  40  . 

69.  4 

18 

. 66.  43  . 

66.  43 

21 

. 63.  39  . 

63.  21 

• According  to  an  eipprimcnt  Ity  M.  Arai^n,  tue 
one  portipn  i*  CAOC//y  enu«l  lo  the  other;  bat  ihoui^b 
(his  iM  probable,  we  ihlok  (be  expehraent  irtjDirei  w 
be  repeated  aadcr  a better  form. 
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24 

. 61°  0'  . 

60°  8' 

27 

. 56.  58  . 

57.  10 

29 

. 54.  50  . 

55.  16 

31 

. 53.  16  . 

53.  28 

33 

. 51.  0 . 

51.  44 

36 

. 50.  23  . 

50.  5 

39 

. 46.  50  . 

47.  1 

41 

. 45.  49  . 

45.  35 

44 

. 44.  0 . 

43.  34 

47 

. 42.  0 . 

41.  41 

From  acomparison  of  the  numbers  in  the 
second  column,  it  will  be  found  that  the  co- 
tan^ntsof  the  polarising  an^esare  to  one 
another  as  the  number  of  plates  by  which 
the  polarisation  is  etlected.  Hence  if  N,  n 
represent  the  number  of  plates  in  any 
two  parcels,  and  A,  a the  angles  at  which 
the  pencil  is  polarised,  we  have 
N ; n = cotang.  A ; cotang,  a and 
N (tang.  A)  = a (tang,  a) 
that  is.  The  numb^  of  plates  in  any 
bundle,  muitiptied  by  the  tangent  of  the 
angle  at  uduch  it  polarises  the  trans- 
mitted pencil  is  a constant  quantity. 
For  crown  glass,  this  constant  quantity 
is  41.84,  when  the  light  is  that  of  a 
good  wax  candle,  placed  at  the  dis> 
tance  of  about  12  feet  Hence  we  have 

tang.  A = iL5i ; that  is,  divide  the  con- 
stant quantity  by  any  gwen  number  of 
plates,  and  the  quotient  will  be  the  natural 
tangent  of  tlic  angle  at  which  light  will  be 
polansed  by  that  number  of  plates.  The 
constant  quantity  diminish^  with  the 
refractive  ^wer  of  the  plates. 

'When  light  is  transmitted  through  one 
plate  of  gl^,  or  through  several,  at  an 
angle  of  incidence  less  than  that  which 
polarises  the  whole  parcel,  the  trans- 
mitted light  will  consist  of  two  parts: 
one  P wholly  polarised,  and  another  p 
wiiich  lias  suffered  a physical  change, 
approaching,  more  or  less,  to  that  of 
complete  polarisatioa  According  to  tlie 
priding  Table,  16  are  required  to  po- 
larise completely  a pencil  of  light  at  an 
angle  of  incidence  of  69° ; and  12  plates 
wifi  not  polarise  the  whole  pencil  at  69°, 
but  leave  a jiorlion  p unixilarised.  Now, 
if  tin’  light  p were  wholly  unpolarised 
like  common  light,  they  would  require  to 
pass  through  otlier  16  plates,  at  an  angle 
of  69° ; but  the  fact  is  that  they  require 
only  to  pass  through  other  8 plates  at 
an  angle  of  69°,  in  order  to  he  com- 
pletely polarised.  They  have,  therefore, 
been  naif  polarised  by  the  first  8 plates, 
and  the  polarisation  completed , W the 
others. 


Chaptik  IV. 

Polarisation  of  Light  by  Double  Re- 
fraction— Malus's  Formula  for  the 
Intensity  of  the  Pencils. 

In  treating  of  the  double  refriiction  of  light 
by  Icelana  spar.we  alluded  only  to  the  sepa- 
ration of  the  two  images ; but  when  we  ex- 
amine the  light  which  forms  the  two  pen- 
cils ed.oo.  fg.  2,  we  find  that  thsy  are 
both  composM  wholly  of  polarised  l^ht, 
the  light  of  the  one  being  polarised  m a 
plane  at  right  angles  to  that  of  the  other, 
in  the  same  manner  as  the  pencils  A B', 
EF,  fg.  16,  reflected  from,  and  trans- 
mitted through,  a bundle  of  glass  plates. 

The  discovery  of  the  opposite  polarisa- 
tion of  the  two  pencils  was  made  long 
ago  by  Huygens,  and  the  leading  pheno- 
mena accurately  described  in  his  " Trea- 
tise on  Double  Refractioa"  Take  two 
rhombs  of  Iceland  spar  MN,  Jig.  19, 
Fig.  19. 


them  a round  aperture  at  B,  not  more 
than  one  twentieth  of  the  thickness  B D 
of  the  rhomb,  place  behind  it,  or  close 
to  it,  a similar  rhomboid  N.  similarly 
situated,  with  all  the  faces  of  the  one 
parallel  to  all  the  faces  of  the  other,  as 
if  they  formed  one  piece.  The  single 
rhomb  M will  separate  the  images  as 
shown  at  A,  fg.  20;  but  if  the  eye  is 
placed  behind  the  two  at  F H,  it  wiU  see 
two  distinct  round  apertures,  separated 
from  one  another  and  of  equal  brightness, 
as  shown  at  B,  fg,  20.  If  we  now  turn 
the  rhomb  N nearest  the  eye,  from  left 
to  ri^t,  two  faint  images  will  appear 
as  shown  at  C;  continuing  to  tmrn, 
the  four  images  will  be  all  equally  lumi 
nous  as  at  D ; they  will  then  become 
as  at  £ ; and  - when  the  crystal  N has 
turned  round  90°,  there  will  be  only 
two  images  of  equal  brightness  as  at  F. 
Continuing  to  turn,  other  two  faint 
images  will  appear  as  at  G ; burther  on 
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the  four  ima^  will  be  all  equal,  as  at  H 1 
farther  on  at  I,  they  will  become  un- 
equal; and  at  180°  of  revolution,  they 
will  all  coalesce  into  one  bright  image, 
as  at  K. 

From  these  results,  it  follows,  tliat  in 
the  position  of  the  two  rhombs  shown  in 
/Ig.  1 9,  which  are  separated  a little,  and 
\^re  the  planes  of  the  principal  sections 
are  parallel  to  each  other,  the  pencil 
D C,  which  teas  regularly  or  ordi- 
narily rrfrarted  by  the  firtt  rhomb  M, 
has  not  suffered  double  refraction  by  the 
second  rhomb  N,  but  has  only  suffered 
ordinary  refraction  in  the  line  G H,  and 
emerges  as  a single  pencil  corresponding 
to  one  of  those  at  B,y!g.  20 ; while  the  pen- 
cil G E,  which  was  extraordinarily  refract- 
ed by  the  first  rhomb  M,  is  now  only  extra- 
ordinarily refracted  by  the  second  rhomb 
N,  and  emerges  as  a single  pencil  corre- 
sponding to  the  other  at  B,y^.  20.  After 
a rotation  of  90°,  when  the  planes  of  the 
principal  sections  are  at  right  angles  to 
one  another,  two  images  are  only  seen  as 
at  F ; but  in  this  case  the  ray  D G,  which 
proceeds  from  the  ordinary  refraction, 
suffers  only  the  extraordinary  refraction 
in  G H ; atui  the  ray  C E , which  pro- 
ceeds from  the  extraordinary  refraction, 
suffers  only  the  ordiruity  refraction  in 
E F.  In  all  other  positions  beside  these, 
in  which  the  planes  of  the  principal 
sections  of  M and  N are  parallel  and 
at  right  angles  to  each  other,  each 
of  tlie  rays  C E,  D G,  are  divided  into 
two,  as  shown  at  D,  C,  G,  H,  I,  E, 

M-  ‘-0-  . , 

The  four  images  thus  described  may 
be  expressed  in  the  followii^  manner : — 
O the  pencil  refracted  onlinarily  by  the 
first  rhomb. 

o the  pencil  refracted  ordinarily  by  the 
second  rhomb. 

E the  pencil  refracted  extraordinarily 
by  tne  first  rhomb. 

e the  pencil  refracted  extraordinarily  by 
the  second  rhomb. 

Then  the  pencils  which  actually  emerge 
at  F,  H will  be  thus  expressed : — 

Oo  the  pencil  refracted  ordinarily  by 
both  rhomboids. 

Oe  the  pencil  refracted  ordinarily  by 
the  first,  and  extraordinarily  by  tlie 
second, 

E 0 tlie  pencil  refracted  extraordinarily 
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by  the  first  and  ordinarily  by  the 
second, 

E e the  pencil  refracted  extraordinarily 
by  Mth  rhombs. 

Then,  according  to  Malus,  if  we  suii- 
pose  L to  be  the  intensity  of  the  light 
incident  at  B,  and  a tlie  angle  formed 
by  the  principal  sections,  and  set  aside 
the  coresiderabon  of  the  light  lost  by  re- 
flexion and  absorption,  we  shall  have 
O o = J L cos.  • a = E e 
Oe  = i L sin.* a = Eo,  and 
Oo-i-Oe-i-Eo-l-Ee=:L. 

Chapter  V. 

Description  of  Apparatus  for  Expe^- 
ments  on  Polarised  Light. 
Having  thus  described  the  various 
ways  by  which  common  light  may  be 
ixilarised,  we  must  now  describe  the  dif- 
ferent kinds  of  appsuatus  which  are 
necessary  for  investi^ting  the  wonderful 
phenomena  which  next  demand  our  at- 
tentioa  There  are  two  ditierent  kinds 
of  apparatus — one  for  polarising  light, 
and  another  for  analysing  ^arisra  l^ht. 

1.  Single  Reflecting  Planes. — Light 
may  be  conveniently  polarised  by  a 
single  plate  of  any  transparent  body 
without  double  refr^tion,  such  as  glass, 
obsidian,  ebony ; or  by  a single  surface 
of  water,  oil,  treacle,  any  varnished  body 
or  any  ordinary  crystallised  surface.  But 
in  selecting  any  plate  or  surface,  it  should 
be  one  which  has  a low  dispersive  and 
refractive  power;  for  it  is  only  in  tliis 
case  that  the  reflected  light  w-ill  be  com- 
pletely polarised.  Glass  of  antimony, 
oil  of  cassia,  flint  glass  of  high  refractive 
power,  coloured  or  stained  glasses,  are 
all  unsuitable  for  this  purpose.  A plate  of 
thin  well-annealed  crown  glass  (if  wifh 
parallel  surfaces,  so  much  the  better) 
will  answer  for  ordinary  experiments. 

2.  Reflecting  Bundles  qf  Glass  Plates. 
— When  a great  deal  of  light  is  required, 
wliich  is  frequently  the  case,  especially 
when  we  use  the  microscope  for  examin- 
ing imperfectly  transparent  bodies,  from 
one  to  sixteen  plat^  of  the  clearest 
and  thinnest  annealed  glass  should  be 
plaoed  in  a frame,  having  tlieir  surfaces 
well  washed  and  cleaned  with  fresh 
chamois  leather.  Tlieir  edges  must 
then  be  covered  with  some  cemeift  or 
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with  wax,  so  that  no  dust  may  introduce 
itself  between  the  plates.  If  the  glass 
is  thin  and  with  little  colour,  tlie  light  re- 
flected from  its  surface  will  be  as  bright 
as  that  reflected  from  a quicksilveiW 
mirror,  and  will  consist  wholly  of  polar- 
ised light,  when  the  rays  are  incident 
upon  it,  at  the  polarising  angle.  The 
light  transmitted  may  be  ^o  used. 

3.  Re/keting  Bundlet  oj  Blown  Gla$t. 
— As  it  is  extremely  di^ult  tu  obtain 
thin  plates  of  clear  and  colourless  glass, 
even  if  we  take  flint  glass,  which  is  not 
desirable  from  its  high  dispersive  power, 
we  may  substitute  in  their  place  films  of 
glass  blown  to  the  utmost  thinness,  and 
place  them  in  a trough  between  two 
plates  of  the  thinnest  glass.  The  light 
traasmitted  through  this  bundle  may 
be  also  used. 

4.  Reeling  Bundles  of  Mica. — Take 
a piece’ of  clear  and  transparent  mica, 
as  colourless  as  possible,  and  cut  it  into 
the  form  of  a right  angled  parallelogram, 
whose  sides  are  parallel  and  perpen^- 
cular  to  tlie  plane  passing  throng  it 
resultant  axes*.  Hold  it  by  an  ed^  in  a 
powerful  vice,  and  with  a lancet,  or  a 
tliin-bladed  knife,  split  it  into  ten  or 
twelve  laminse,  or  more  if  necessary. 
Before  taking  it  out  of  the  vice,  cover  all 
its  edges  with  a coating  of  wax  or  strong 
cement,  so  that,  after  the  laminse  are 
separated  from  one  another,  they  may 
have  the  same  relative  position  as  before 
their  separation.  This  bundle  of  mica 
films,  when  taken  out  of  the  vice,  is 
one  of  the  best  means  of  polari.sing  light 
that  can  be  used ; but  the  light  must  be 
(lolarised  by  reflexion  in  a plane  parallel 
to  either  of  tiie  sides  of  the  bunrlle. — 
The  best  is  that  which  is  perpendicular 
to  the  plane  passing  through  the  re- 
sultant axes.  The  light  transmitted 
throi^  this  bundle  being  also  perfectly 
polarised,  may  be  used  with  great  act- 
vantage. 

5.  Doubly-refracting  Crystals  of  great 
Thickness.  — When  we  can  obtain  a 
thickness  of  from  three  to  six  or  mure 
inches  of  colourless  calcareous  spar,  it 
forms  one  of  the  most  valuable  pieces 
of  polarising  apparatus.  We  have  only 
to  place  on  one  of  the  sides  that  contains 
the  greatest  thickness,  a circular  aperture 
just  as  large  as  that  the  two  images  of 
it  may  not  overlap  each  other.  We 
shall  thus  have  two  circular  areas  of  light 
which  are  polarisetl,  the  one  in  one  plane, 
and  the  other  in  a plane  at  right  angles 
to  it ; and  by  means  of  a screen  or  a 

* Tliis  wiU  ti«  vatrrstood  sftrr  persnst  th« 
ocatcetpter. 


black  wafer  we  can'  gpver  up  the  one 
circular  space,  when  we  reouire  only  cne 
kind  of  polarised  light. 

6.  Doubly -refracting  Pnsms  of  Iceland 
Spar. — As  it  is  not  easy  to  procure  huge 
and  pure  masses  of  Iceland  spar,  a suffi- 
cient separation  of  the  images  may  be  ob- 
tained, by  selecting  a piece  with  one  good 
natural  surface,  and  grinding  down  the 
other,  so  that  the  common  intersection  of 
the  two  faces  of  the  prism  may  be  per- 
pendicular to  the  axis  or  the  plane  of 
refraction,  coincident  with  the  plane  of 
its  principal  section.  The  colour  of  the 
images  may  be  nearly  corrected  by  a 
pnsm  of  crown  or  flint  glass*.  By  in- 
citing the  refracting  angle  of  the 
prism,  the  separation  of  the  images  may 
re  increased  at  pleasure.  The  objec- 
tion so  often  made  to  the  use  of  prisms 
of  Iceland  spar  is  not  well  founded ; for 
it  is  capable  of  taking  an  admirable 
polish,  equal  indeed  to  its  original  sur- 
face; and  even  if  the  operator  is  not 
skilful  in  the  art,  the  polish  may  be 
made  perfect,  and  the  surface  preserved 
from  injuiy,  by  cementing,  on  the  two 
.surfaces  of  the  prism,  two  pieces  of  pure 
and  parallel  glass.  When  the  prism 
is  rendered  achromatic,  indeed,  by  a glass 
prism,  the  latter  serves  for  one  of  the 
plates  of  glass,  and  one  plate  only  is  re- 
quired for  the  other  surface.  We  have 
had  prisms  of  this  kind  which  have 
lasted  fifteen  years,  though  exposed  to 
constant  use.  The  separation  of  tlie 
images  will  be  a maximum  with  the 
same  refracting  angle  if  the  faces  of 
the  prism,  or  their  common  intersections, 
are  parallel  to  the  axis  of  double  re- 
fraction. 

7.  Doubly-refracting  Prisms  of  Rock 
CrysUd.—The  following  ingenious  me 


Fig.  A. 
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• !■  th?  Annals  of  Philosmhjr  for  March*  181S, 
p.  Brewster  has  deaenbetl  a method  of  odq< 

pleteljr  eorreetinf  tb«  iwo  dispersions  of  the  two 
iraafn  oflcelaiMr^par.  Ujr  tisinf  iwo  prisms  of  crowt* 
glaae  of  different  refr^ting  aciftes*  and  making  the 
rajrs  which  form  one  image  pass  throafh  one  prism* 
and  (be  other  rajri  thmaf  h the  other  prum. 
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thod  of  getting  over  the  small  double 
refraction  of  rock  crystal  has  been  used 
by  Dr.  Wollaston. 

“Let  ABCD  oicdEFGH  e/^A 
ijif.  20.)  be  two  halves  of  a hexagonal 
pnsm  of  quartz  (the  form  it  affects), 
produced  by  a section  parallel  to  two  of 
the  sides.  In  the  verbcal  face  A D d a 
draw  any  line  L K parallel  to  the  sides, 
and  therefore  to  the  axis  of  the  prism, 
(which  is  also  that  of  double  refraction,) 
and  join  C L,  c A. 

“ Then  a plane  C L Ac  will  cut  off  a 
prism  C L K d e D,  having  L A,  D d,  or 
G c,  for  its  refracting  edges,  either  of 
which  is  parallel  to  tlie  axis.  Again,  in 
the  other  half  of  the  prism  join  E / and 
H g-,  aixl  cut  the  prism  by  a plarre 
passing  through  these  lines;  then,  re- 
garding either  portion  as  a double 
refracting  prism,  Iraving  for  refracting 
edges  the  lines  E H,/g,  thete  vrill  have 
the  axes  of  double  refraction  perpendi- 
cular to  their  refracting  edges ; and,  in 
rticular,  the  axes  will  lie  in  the  faces 
E«A,  or  Viigf  at  right  angles  to 
H E or  fg.  If,  then,  we  take  care  to 

make  the  refracting  angle  C L D of  tlie 
prism  C L K d « D equi  to  that  of  the 
edge  HE  of  the  prism  HEe/g-A;  and 
if  we  make  these  two  prisms  act  in 
opposition  to  each  other,  placing  the 
ed^  II E opposite  to  D d,  and  the  edge 
A e opposite  to  K L ; and  having  thus 
brought  the  hvo  surfaces  DLAd  and 
H E e A in  contact,  cement  tlrem  toge- 
ther with  mastic,  or  Canada  balsam,  it 
is  evident  that  their  principal  sections 
will  be  at  right  angles  to  each  other;  and 
therefore  only  two  images  will  be  formed, 
the  whole  of  the  extraordinary  ray  of 
the  one  prism  passing  into  the  ordinary 
image  of  the  other,  and  vice  verta. — N ow, 
to  sec  how  this  acts  to  double  the  sepa- 
ration of  the  images,  let  us  conceive  m n 
to  be  a luminous  line  viewed  through 
one  of  tlie  prisms,  with  its  edge  down- 
wards and  horizontal.  It  will  be  sepa- 
rated into  two  images,  e and  o,  the  one 
more  raised  than  the  other.  Suppose 
the  ordinary  image  to  be  most  refracted. 
Then,  if  we  interpose  the  other  prism 
with  its  edge  upwards,  both  these 
images  will  be  refracted  downwards ; 
but  the  ordinary  image  o,  which  was 
before  molt  raisM,  now  undergoing  ex- 
traordinary refraction,  is  leait  depretipj, 
and  comes  into  the  position  o e,  w'hile  the 
extraordi  nary  one  e,  which  was  before  leait 
railed,  is  now  moit  depreiied,  and  comes 
info  the  situation  e o ; and  it  is  evident, 
that  (the  refracting  an^  being  equal, and 


the  double  refraction  of  the  two  prisms 
the  same)  the  line  o e will  fall  as  far 
short  of  the  original  line  mn,  as  eo  sur- 
puses  it,  viz.  by  a quantity  equal  to  the 
distance  between  the  two  'first  images 
0 ande;  so  that  the  distance  between 
the  twice  refracted  images,  is  double 
that  of  those  which  have  undergone  only 
one  refraction*.” 

8.  Single  Image  Pritmi  of  Iceland 
Spar. — Prisms  m this  kind  were  first 
used  by  Dr.  Brewster.  The  method 
of  making  them  is  to  roughen  as 
much  as  possible  the  two  surfaces,  or 
even  one  surface,  of  a prism  of  Iceland 
spar,  and  to  cover  it  with  grooves.  A 
fluid  or  balsam  with  the  same  refractive 
index  as  the  ordinary  tuy,  is  then 
placed  between  the  roii^  surface  of  the 
spar  and  a plate  of  glass.  This  poUshes, 
as  it  were,  the  surface  for  the  ordinary 
ray,  and  allows  it  to  pass  through  un- 
interrupted, in  consequence  of  the  spar 
and  the  fluid  having  tW  same  index  of 
refraction  for  that  ray.  The  extraor- 
dinary ray,  on  the  other  hand,  is  seat- 
tered  in  all  directions  by  reflection  at  the 
separating  surfaces  of  the  grooves  and 
the  fluid,  and  totally  disappears,  leaving 
only  the  ordinary  image.  But  as  there 
is  no  proper  oil  or  flmd  of  such  a high 
refractive  power  os  1.654,  it  is  better 
to  fake  an  oil  of  the  same  refractive 
index  as  that  of  the  extraordinary  ray, 
for  tlie  surface  which  is  roughened.  If 
the  oil  does  not  exactly  suit  the  surface, 
a slight  inclination  of  the  prism  one  way 
or  another,  will  produce  the  adjustment. 
When  this  is  done,  we  shall  see  the  ex- 
traordinary image  quite  distinct,  while 
the  ordinary  image  has  wholly  disap- 
peared. For  ordinary  purposes  this 
prism  is  perfectly  sufficient,  but  for 
others  it  will  not  answer  so  well,  as  the 
nebulous  light  seen  all  round,  is  polarised 
in  a plane  opposite  to  that  of  the  ex- 
traordinary image. 

9.  Agate  Platei  and  Mieroicopei. — 
Among  the  bodies  of  the  mineral  king- 
dom, Dr.  Brewster  found  agate  to  be 
one  which  gave  only  one  distinct  image,  all 
the  light  of  which  is  polarised  in  one  plane. 
He  therefore  used  it  in  his  experiments. 
Agate  microscopes,  or  plates  of  agate 
placed  close  to  a single  microscope,  may 
be  very  advanfi^'ously  used. 

10.  Tourmaline  Platei. — M.  Biot  and 
M.Seebeck  discovered  that  certain  yellow 
ish  tourmalines,  Uiat  is,  those  which  are 
yellowish  by  refracted  light,  transmitted 
only  one  pencil  polarises]  in  the  same 

* Mr.  U«nol>«ri  TnatiH  ts 

c 


16 


P0IJUU8ATI0N  OF  LIGHT 


plane,  when  oat  pan^d  to  their  axis.  It 
has  been  muchusedinexperimentson  po- 
larisation ; but  owing  to  the  colour  which 
it  produces,  it  is  of  no  use  whatever  in 
researches  where  the  phenomena  of 
colour  are  to  be  studied.  Wlien  two 
plates  of  tourmaline  or  agate  are  placed 
m rectangular  positions,  nut  a ray  of 
light  Is  transmitted  through  them,  not 
even  the  light  of  the  meridian  sun. 

By  using  any  of  these  pieces  of  ap- 
(Kuatus,  we  can  at  all  tunes  produce 
either  a ray,  or  a broad  beam  of  polarised 
light;  but  when  the  structure  cf  crys- 
tallise or  organised  bodies  is  examined 
by  observing  their  affections  under 
polarised  liglit,  the  light  transmitted 
tluough  tlieir  substance  requires  to  be 
analyst  by  a reflecting  plate,  or  a 
doubly  refracting  prism,  or  a plate  of 
tourmaline  or  agate  which  has  the  pro- 
perty of  reflecting  or  transmitting  one 
poriion  of  Uie  polarised,  and  allowii^ 
another  portion  to seen  which  was  in 
a state  of  combination  with  the  first 
portioa  The  use  of  these  analysing 
plates  in  prisms  will  be  better  under- 
stood from  the  following  chapter. 


Chapikb  VI. 

Colours  preduced  by  the  Action  of  Crys- 
tallised Bodies  umn  Polaris^  Light 
— Systems  of  Rings  produced  by 
Crystals  with  one  Axis  of  Double  Re- 
fraction— Negative  System  of  Rings 
— Positive  System  of  Rings — List  of 
Crystals  of  the  Negative  and  Positive 
Class — Method  0/  calculating  the 
Tints — Transformation  of  the  Rings. 

Thk  phenomena  of  colour  p^uced  by 
the  action  of  crystallised  homes  upon  po- 
larised light,  are  the  most  splendid  with- 
in the  whole  range  of  optics.  The  co- 
lours themselves  were  first  seen  in  Iceland 
spar  by  Huygens,  and  studied  by  subse- 
quent pliilosopliers,  but  tliey  knew  no- 
tmng  of  their  origin  or  nature.  They 
were  discovered,  by  independent  obser- 
vation, by  M.  Arago  and  Dr.  Brewster, 
and  the  subject  has  been  successfiilly 
ursued  by  these  two  authors,  and  also 
y M.  Biot,  Dr.  Young,  M.  Fresnel,  M. 
Herschcl,  and  Professor  Mitscherlich, 
from  whose  labours,  to  use  the  words  of 
a distinguished  author,  “ it  has  acquired 


a dcvelopement,  placing  it  among  the 
most  important,  as  well  as  the  most 
complete  and  systematic  branches  of 
opbeal  knowledge.*'  In  order  to  exhibit 
these  colours  in  the  simplest  manner; 
let  two  plates  of  glass.  A,  C,  fig.  *2!, 
be  arranged,  as  shown  in  fig.  12,  so 
that  the  light  polarised  by  the  first 
pl.atc  A,  (or  the  polarising  plate,) 
refiLses  to  be  reflected  by  the  second  plate 
C,  (or  the  analysing  ^atc.  If  the 
fight  R A,  be  that  of  the  sky,  which 
will  do  very  well  for  ordinary  purposes. 


the  proper  adjustment  of  the  glass  plates 
will  lie  known,  by  looking  at  C in  tlie 
direction  E C,  and  obsening  a dark 
undefined  spot,  in  the  imacc  of  tlie  part 
of  the  sky  reflected  by  A.  The  glass  plates 
should  he  adjusted  till  this  spot  is  as  dark 
as  possible.  In  order  to  increase  the 
quantity  of  ]iolarised  light,  and  to  have  a 
larger  surface,  it  would  be  desirable  to 
use  the  bundle  of  glass  plates  described 
in  (lie  last  chapter,  in  of  the  single 
plate  of  glass  A. 

Having  placed  the  polarising  plates  A, 


Digitized  by  Google 


POLARISATION  OF  LIGHT. 


19 


so  as  to  reflect  tbe  brightest  part  of  the 
skj-.  take  a thin  film  or  slice  D G E F, 
of  ntlphain  of  lime  (or  mica,  if  sulphate 
of  lime  cannot  be  had)  between  the  20th 
and  60th  part  of  an  inch  in  thickness,  and 
hold  it,  as  shown  in  the  figure,  between 
the  polarising  and  the  analysing  plates. 
When,  previoas  to  the  interposition  of 
the  crystallised  plate,  the  eye  E,  looked 
into  C,  it  saw  only  tbe  dark  spot  above- 
mentioned  ; but  it  will  now  observe  the 
whole  surface  of  tlie  polarizing  plates  at 
A,  covered  with  colours  of  the  richest  and 
most  varied  hues,  and  following  one 
another,  according  as  the  sulphate  of 
lime  is  more  or  less  incUned,  or  accord- 
ing as  tliH  light  passes  through  thicker 
or  thinner  portions  of  tl>e  film.  If  the 
plate  is  equally  thick,  which  with  a little 
care  may  Iw  effected,  and  if  it  is  held 
perpendicular  to  the  polarised  light,  there 
will  be  found  two  lines  D E,  F G.  wliich 
have  the  pro])erty,  tliat  when  either  of 
them  is  parallel  or  perpendicular  to  tlie 
plane  of  primitive  polarisation  RAC, 
or  to  the  plane  ACE,  no  colours  are 
seen,  and  the  black  spot  appears  exactly 
as  if  the  film  were  not  interposed.  These 
two  lines  may  be  called  the  neutral 
ares  of  the  crystallised  film.  If  the 
film  D G E F is  turned  round  in  its 
own  plane,  there  will  be  found  in  all 
other  positions  the  phenomenon  of  a 
single  colour;  but  this  colour  will  be 
most  brilliant,  when  either  of  the  lines 
ab,  cd,  perpendicular  to  one  another, 
and  each  inclined  45«  to  the  neutral 
axes,  is  in  the  plane  of  primitive  polari- 
sation RAC, — the  brilliancy  or  intensity 
of  the  colour  gradually  diminishing  from 
the  position  of  no  colour,  to  the  position 
where  the  colour  is  a maximum.  The 
two  lines  a b,cd,  may  be  called  the  de- 
polarisin^  ares  of  the  film. 

If  we  suppose  the  plates  A and  C,  to 
be  fixal,  and  the  film  DGEF,  to  re- 
volve round  the  ray  A C,  from  a posi- 
tion where  no  colour  is  seen,  it  will 
then  be  found,  that  the  colour  which 
we  may  suppose  red,  is  a maximum  at 
the  azimuths,  or  an^es  of  revolution,  of 
45®,  135®,  225®,  and  315®,  while  it  dis- 
appears altogether  at  azimuths  of  0°,  90®, 
I80°and270°.  Ifwenow  suppose  the  film 
D G E F,  to  be  fixed  in  any  of  the  posi- 
tions 45®,  &c.  or  where  it  produces  the 
brightest  red,  and  if  we  cause  the  ana- 
lysing plate  C,  to  revolve  round  the 
ray  A C,  its  inclination  to  A C remain- 
ing invariable,  we  shall  observe  the  fol- 
lowing phenomena.  The  brightest  red 
being  visible  at  0®  or  where  ^ plate  C 


begins  to  move,  the  brightness  of  this 
colour  will  gradually  diminish  till  C has 
turned  round  45®,  when  the  red  colour 
will  disappear.  Bevond45®,afiuntgrc«i 
will  appear,  and  will  gradually  increase 
in  intensity  till  it  reaches  its  maximum 
brightness  at  90®.  Beyond  90®  the 
green  liecomes  paler  and  ^cr,  till  it  dis- 
appears at  135®,  where  the  red  again 
comes  in,  and  reaches  its  maximum 
brightness  at  1 H0°:  the  very  same  changes 
are  rejieated  lietween  180®  and  360®  nr 
0®.  Hence  it  follows,  that  when  mly 
the  film  of  sulphate  of  lime  revolves,  a 
single  colour  merely  is  seen ; while,  when 
only  the  plate  C moves,  /too  colours 
arc  seen  during  its  revolutioa 

By  repeating  tlie  alxive  experiment 
with  films  of  sulphate  of  lime  that  give 
different  colours,  it  xviU  be  found  that 
the  two  colours  are  always  complement- 
ary to  each,  or  that  the  two  together 
make  up  white  light  This  curious  pro- 
perty may  be  ocularly  demonstraltxl 
by  the  following  experiment  Inste.id  of 
analysing  the  light  transmitted  by  the 
sulphate  of  lime  tiy  the  plate  C,  substi- 
tute a prism  of  calcareous  spar,  that 
gives  two  images,  and  when  the  plane  of 
the  principal  section  of  the  prism  (or 
ratlier  of  tlie  crystal  of  which  it  is  com- 
posed) is  in  the  plain  of  primitive  pola- 
risation, the  one  image  will  lie  red,  and 
the  other  image  green  : and  if  the  two 
are  made  to  cross  one  another,  the  overs 
lapping  portions  will  be  perfectly  white. 
Instead  of  a prism,  it  will  be  simplerto  use 
a complete  rhomb  of  spar,  having  on  one 
of  its  fiices  a circular  aperture,  so  large 
that  the  two  images  of  it  seen  througli 
the  spar  overlap  each  otlier:  by  substi- 
tuting this  for  the  pnsm,  the  right  hand 
portion  of  the  one  image  will  be  rerf,  and 
the  left  hand  portion  of  the  other  green, 
while  the  intermediate  or  overlapping 
parts  will  be  perfectly  tchite. 

If  we  reduce  the  thickness  of  the  film 
of  sulphate  of  lime  to  0.00046  of  an 
English  inch,  it  will  produce  no  colour  at 
all,  having  no  more  action  upon  polarised 
light,  than  a plate  of  common  glass.  A 
film  0.00124  of  an  inch  thick,  gives  the 
white  of  the  first  order  in  Newton's  scale 
of  coloims  (see  Optics,  p.  35)  ; and  a 
plate  0.01818  of  an  inch  tliick,  and  all 
tliicker  plates,  give  a white  composed  of 
a mixture  of  all  the  colours.  Plates 
having  a thickness  intermediate  Iretween 
0.00124  and  0.01818  of  an  inch,  produce 
all  the  ditl'erent  oixlers  of  coloius  con- 
tained in  Newton's  table ; and  the  colour 
which  anv  given  thickness  will  exhibit 
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mwbe  calculated  from  the  last  column 
of  Newton's  table,  under  Glass,  because 
glass  and  sulphate  of  lime  have  nearly 
the  same  refractive  power.  Since 
the  white  in  the  column  of  reflected 
tints  is  produced  at  a thickness  of 
0.00124,  and  the  white  or  end  of  the 
seventh  spectrum  is  produced  at  a tluck- 
ness  of  0.01818,  and  since  the  numbers 
in  the  table  opposite  to  these  tints  are  3| 
and  49f,  we  nave  the  following  propor- 
tion ; as  0.01818 — 0.00124  or  .01694  is  to 
49)  or  3|.  or  46  nearly,  so  is  the  excess 
of  any  thickness  of  a plate  of  sulphate  of 
lime  above  0.01 '24  to  a fourth  number, 
which  when  added  to  3),  will  give  a sum 
to  enter  the  last  column,  and  opposite  to 
it  will  be  found  the  two  complemen- 
tary colours  which  such  a plate  will  pro- 
duce. 

As  the  colours  of  polarised  light  are 
proportional  to  the  thickness  of  thin 
plates,  which  give  the  same  colours,  the 
superposition  of  two  films  will  have  the 
same  effect  as  one  film,  equal  to  their 
united  thicknesses,  provided  they  are 
laid  together  in  the  same  manner  as  they 
lie  in  the  crystal  But  if  the  films  are 
placed  transversely,  that  is  with  any  one 
line  of  the  one  at  right  angles,  to  a similar 
line  in  the  other,  they  will  produce  a tint 
equal  to  the  difference  of  their  tliick 
nesses.  If  the  plates  are  therefore  perfectly 
equal,  they  will,  when  tlius  crossed,  destroy 
each  other's  action,  and  produce  black- 
ness. Hence,  also,  tlie  colours  may  be 
produced  by  crossing  two  plates  of  very 
considerable  thickness,  wliich  give  no 
colour  when  taken  separately,  provided 
that  the  difference  of  their  thickness 
does  not  exceed  0.0 1 8 1 8 of  an  inch  *. 

The  different  phenomena  which  we 
have  now  descril^  may  be  seen  in  a 
more  instructive  manner,  in  the  follow- 
ing experiment  made  by  Dr.  Brewster. 
Having  taken  a plate  of  sulphate  of  lime 
of  equal  thickness,  and  about  ^^th  of  an 
inch  thick,  he  ground  down  one  of  its 
ftces,  so  as  to  make  its  thickness  vary 
from  iVth  of  an  inch,  down  to  the  thin- 
nest e^  that  could  be  made.  He  then 
placed  the  plate  in  water,  which  slowly 
acted  upon  it,  making  its  edge  thinner, 
and  giving  a slight  polish  to  its  surface. 
By  placing  this  film  Mtween  the  polaris- 
ing and  analysing  plate,  its  surf^  was 
covered  with  colou^  fringes  parallel  to 
the  thin  edge,  a d,  /fg.  22,  and  including 


* Th«  pr«c«4l(ag  tstaratisf  rtstUti  v«rt  lint  ob- 
Uiud  by  M.  Bwl, 


iV-22. 


all  tlu  colours  in  Newton's  Table,  thus 
showing  to  the  eye  how  the  different 
tints  are  produced  by  different  thick- 
nesses. When  the  film  a d,  was  cut  into 
two  ab,  cd,  and  crossed  as  in /Zg.  23,  a 
Pig.  23. 


new  set  of  fringes  was  produced  parallel 
to  a black  line  np,  extending  from  the 
point  where  the  two  thinnest  edges  meet 
to  the  point  where  the  two  thickest  skies 
meet 

On  the  Cotoure  and  Syetenu  of  Ringe 
produced  by  Cri/stale,  with  one  Axis  of 
Double  Refraction.  — The  phenomena  of 
the  colours  of  polarised  light  liad  been 
examined  under  very  un^vourable  cir 
cumstances,  till  1813,  when  the  systems 
of  rings  round  the  axis  of  double  refrac- 
tion, were  discovered  by  Dr.  Brewster. 

If  we  take  a rhomboid  of  calcareous 
spar,  whose  principal  section  is  repre- 
sented by  A B C D,  rfg.'24,  and  cement 
upon  its  surfaces  A B,  C D,  two 


Fig.  24. 


prisms  BEF,  DEH,  having  their  refract- 
ing angles  EBP,  GDH  about  45®,  we 
shall  be  able  to  see  along  the  axis  B h, 
of  double  refraction  of  the  spar.  I.ct  the 
yar  be  now  substituted  in  the  apparatus 
fy.  21,  in  place  of  the  film  D FEG,  so 
that  the  polarised  ray  A C,fg.  21,  may 
pass  along  a line  parallel  to  tlie  axis  B 4 ; 
then  whatever  be  tlie  position  of  the  giar, 
there  will  be  seen  along  its  axis  A B,  a 
most  beautiful  system  of  coloured  rings, 
intersected  in  the  direction  of  their  dia- 
meters by  a black  cross  A B C D,/Zg.  25 
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Fig.  25. 
A 


No  change  whatever  will  fake  place  in 
this  system  of  rings,  by  turning  the  spar 
about  its  axis ; but  if  we  turn  the  ana- 
lysing plate  C.Jig.  21,  round,  as  formerly 
described,  then  in  the  azimuths  0®,  90®, 
180°  and  270®,  the  same  system  of  rings 
will  be  seen,  while  at  the  azimuths  45®, 
135®,  225°,  and  3 15®,  another  system  will 
be  seen  like  that  shown  iny^.  26. 

Fig.  26. 


This  system  difiers  from  the  former  in  no 
other  respect  than  this,  that  all  the  co- 
lours in  the  one  are  exactly  comple- 
mentary to  those  in  the  otlier,  so  that 
the  superposition  of  the  two,  if  it  could  be 
effected,  would  completely  obliterate  both 
systema 

If  the  rhomboid  of  calcareous  spar  is 
now  cut  into  two  plates  by  any  line  MN, 
and  if  the  rings  pi^uced  by  each  plate  be 
examined  separately,  it  will  l)e  found, 

1.  That  the  rings  given  by  each  plate 
ai  e larger  in  diameter  than  those  produced 
by  the  whole  rhomboid  previous  to  its 
division. 

2.  That  the  rings  in  the  thickest  of  the 
rivo  plates  are  less  in  diameter  than  those 
produced  by  the  thinnest ; or  in  general, 

3.  The  squares  of  the  dmmeters  of  the 
rings  oroduced  by  the  same  plate  are 
proportional  to  the  number  which  repre- 
sents the  corresponding  tint  in  Newton's 
Table ; and  in  plates  of  different  thick- 
nesses, the  squares  of  the  diameters  of 


similar  rings  are  reciprocally  propor- 
tional to  the  square  roots  of  their  thick- 
nes.ses. 

The  phenomena  now  described  may  be 
seen,  with  equal  advantage,  by  cutting 
off  the  solid  angles  of  the  rhomb  by  sur- 
faces FN,  HM  perpendicular  to  the  axis 
B b ; but  as  the  mineral  does  not  cleave 
parallel  to  those  planes,  and  is  difficult  to 
polish,  we  cannot,  in  this  way,  make 
the  comparative  experiments  mentioned 
above  with  the  same  facility. 

In  examining,  in  the  same  manner, 
other  crystallised  bodies  that  have  one 
axis  of  double  refraction,  we  discover  in 
all  of  them  a system  of  rings  similar  to 
that  in  calcareous  spar,  and  the  axis  of 
ttiis  system  invariably  coincides  with  the 
axis  of  double  refraction.  In  those  crys- 
tals, however,  which  have  positive  double 
refraction,  the  system  of  rings,  though 
the  same  in  appearance,  has  a very  differ- 
ent property.  If  we  take  a system  of 
rings,  for  example,  formed  by  ice  or 
zircon,  and  combine  it  with  a system 
of  the  same  diameter  formed  by  Iceland 
spar,  we  shall  find  that  the  two  systems 
destroy  one  another ; and  hence  we  con- 
clude tliat  the  system  of  rings  produced 
by  these  crystals  axe  positive,  or  opposite 
in  character  to  the  negative  system  of 
rings  in  calcareous  spar.  In  the  follow- 
ing Table  will  be  found  all  the  different 
crystals  which  give  a negative  and  a 
positive  system  of  ringa 

Crystals  that  give  a Negative  System. 

Carbonate  of  Lime. 

Carbonate  of  Lime  and  Magnesia. 

Carbonate  of  Lime  and  Iron. 

Carbonate  of  Zinc. 

Corundum. 

Sapphire. 

Ruby. 

Kmerald. 

Beryl. 

Phosphate  of  Lime 

Idocrase. 

Wernerite. 

Parnnthine. 

Tourmaline. 

Rulrcllite. 

Mica  from  Kariat. 

Molybdate  of  Lead. 

Phosphate  of  I.ead. 

Phosphato-Arseniate  of  Lead. 

Hyposidphate  of  Lime. 

Hydrate  of  Strontitea 

Arseniate  of  Potash. 

Muriate  of  Lime. 

Muriate  of  Strontian. 

Nitrate  of  Soda. 
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Subphosphate  of  Potash. 

8\ilphafe  of  Nickel  and  Comer. 

Ruby  Silver. 

Mellite. 

Somervillite. 

Octohedrite. 

Phosphate  of  Ammonia  and  Magnesia. 

Nephcline. 

Arseniate  of  I.ead. 

Arseniate  of  Copper. 

Gmelinite. 

Oxahverite. 

Edingtonite. 

Lcvyne. 

Cj'anuret  of  Mercury. 

Aiunite. 

Cryilalt  that  give  a Positive  System. 

Zircoa 

Quartz. 

Oxide  of  Hn. 

Tungstate  of  Lime. 

Titanite. 

Boracite. 

Apophyllite. 

SulpWte  of  Potash  and  Iroa 

Superacetate  of  Copper  and  Lime. 

Hydrate  of  Magnesia. 

Ice. 

Frussiate  of  Potash,  certain  specimens. 

Dioptase? 

If  we  combine  two  plates  of  two  crys- 
tals of  the  positive  cla-ss,  such  as  Caka 
re-yus  Spar  and  Beryl,  the  system  of 
rings  will  be  the  same  as  would  be  pro- 
duced bv  two  plates  of  calcareous  spar, 
one  of  which  is  the  plate  employed,  and 
the  other,  a plate  which  gives  rings  of  the 
same  size  as  the  plate  of  beryl  But  when 
a positive  system  of  rings  is  combined 
with  a negative  system,  such  as  those 
produced  by  zircon  or  ice  with  those  pro- 
duced by  calcareous  spar  or  beryl,  the 
rcsultive  system  of  rings,  in  place  of  beiiyj 
the  sum  of  their  separate  actions,  will 
be  their  difference,  that  is,  it  will  be 
equal  to  the  system  produced  by  a thin 
plate  of  calcareous  spar,  whose  thickness 
is  equal  to  the  difference  of  the  tliicknesses 
of  the  plate  of  calcareous  spar  employed, 
and  another  plate  of  calcareous  spar  that 
would  give  rings  of  the  same  size  as  those 
given  by  the  zircon  above. 

By  comparing  the  numerical  values  of 
the  tints  produced  at  different  angles  of 
inclination  to  the  axis,  it  follows  from  ex- 
periment, that  if  tlie  thickness  of  the 
mineral  is  invariable,  the  numerical  value 
of  the  tints  will  alw  aj's  vary  as  the  S([uare 
of  the  sine  of  the  angle  w hich  the  refracted 
ray  forms  with  the  axis  of  the  ciystal 


For  example,  if  at  an  angle  of  1 0*  with 
the  axis  of  double  refraction,  we  have 
the  tint  of  the  bright  blue  of  the  second 
order  of  colours,  whose  value,  in  New- 
ton's Table  (Optics,  p. 36),  is  9 ; then  let 
it  be  requir^  to  determine  what  will  be 
the  tint  produced  at  an  inclination  of 
20*:  the  sine  of  10®  Is  .1736,  and  its 
square  .0301 ; the  sine  of  20*  is  .342,  and 
its  square  .117.  Hence  we  have  the  ana- 
logy, as  .0301 : .117  = 9:  35,  which  corre- 
sponds to  a tint  a little  above  the  red  of 
the  fifth  spectrum  or  order  of  colours. 

But  though  a tint  of  33,  or  the  red  of 
the  fifth  order,  can  only  be  produced  at 
an  inclination  of  20®,  tli  thicancss  of  the 
crysial  being  suppeoed  the  same  at  all 
inebriations,  yet,  u we  suppose  the  thick- 
ne.ss  of  the  crystal  at  an  inclination  of 
1 0®,  to  be  incrca.sed  in  the  proportion  of 
9 to  35,  we  should  then  have  at  10®  the 
same  tint  as  we  have  at  20®,  with  a 
smaller  thicknesa  In  any  given  crystal, 
any  tint  may  be  produced  at  any  given 
incUnatioa  If  we  require  to  prodiu'e  a 
very  low  tint,  such  as  4,  or  the  yelhio 
of  the  first  order,  at  an  incUnation  of  80®, 
where  the  polarising  force  is  very  strong, 
we  must  theu  reduce  the  substance  to  a 
very  thin  film;  and,  on  the  otlier  liand, 
if  we  wish  to  developc  a high  tint,  such 
as  45,  or  \hegreenish  hlueof  the  seventh 
order,  at  the  inclination  of  5®,  we  must 
then  take  a very  great  thickness  of  ervs- 
tal  to  make  up  for  the  low  polarising 
force  which  exists  so  near  the  axis. 

The  system  of  polarised  rings,  Uke  the 
rings  formed  by  thin  plates,  may  be  in- 
creased in  number  by  viewing  them 
tlunugh  a prism ; and  at  inclinations  to 
the  axis  of  a crystal  at  which  they  cease 
to  become  visible,  tlicy  may  be  readily 
developed  by  the  opposite  action  of  a crys- 
tal. but  which  does  not  exhibit  them  sepa- 
rately. 

Tlie  phenomena  exhibited  by  a single 
system  of  rings  undergo  curious  and 
l^ubful  transformations,  by  interposing 
thin  c^stallised  films  of  sulphate  of  lime, 
or  mica,  between  two  plates,  each  of 
which  give  a system  of  rings.  If,  for  ex- 
ample, in  the  spbt  rhomboid  shown  in 
fig.  24,  we  insert  a thin  and  equal  film 
of  mica,  a very  singular  effect  will  be 
produced  upon  the  ring;  but  when  the 
two  rhomboidal  plates  AMNB, DMNB, 
are  equal,  the  effect  is  still  more  beauti- 
ful, and  the  character  of  the  system 
changes,  not  only  tiy  the  revolution  of 
the  analysing  plate,  but  during  the  revo- 
lution of  the  rhomboid.  In  order  to  show 
all  the  varieties  of  this  beautiful  class  of 
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phenomena.  Dr.  Brewster  took  a plate  of 
the  Spath  CaUaire  btuie,  which  has  a na- 
tural face  perpendicular  to  tlie  axis,  and 
haviiiK  cut  it  into  two  pieces,  and  placed 
them  parallel  to  one  another,  witli  a suf- 
ficient interval  between  them  to  admit 
the  interposition  of  different  films,  he  was 
enabled  to  see  in  succession  all  the  modi- 
fications which  they  underwent,  but  of 
which  it  is  not  easy  to  convey  any  idea 
without  numerous  drawings. 

Chapter  VII. 

Double  Sutlem  of  Ringt  produced  by 
Cryitau,  unth  two  axes  of  Double 
Refraction — Phenomena  exhibited  by 
them — Table  of  the  Inclination  of  the 
resultant  Axes  of  Crystals — General 
Law  of  the  Tints. 

The  double  system  of  coloured  rings  was 
discovered  in  1817,  by  Dr.  Brewster, 
who  described  them  in  the  Philosophical 
Transactions,  as  seen  inTc^s, where  they 
appear  with  imusual  splendour;  but  the 
axes  or  lines  along  which  each  system  is 
seen,  are  so  much  inclined  to  one 
another,  tliat  we  shall  first  describe  them 
as  seen  in  Nitre,  where  they  were  soon 
after  discovered  by  the  same  author. 

Nitre  or  Saltpetre  crystallizes  in  six- 
sided  prisms,  with  angles  of  about  120®, 
and  its  principal  axis  of  double  refraction 
is  coincident  with  the  axis  of  this  prism. 
Having  detached  with  the  edge  of  a knife 


and  the  assistance  of  a smart  blow  of  a 
hammer,  a small  piece  from  the  end  of  the 
prism,  grind  it  down  upon  a file  or 
coarse  freestone  till  it  is  reduced  to  the 
eighth  or  tenth  of  an  inch ; and  having 
smoothed  its  parallel  faces,  which  should 
be  as  nearly  as  possible  perpendicidar  to 
the  axis  of  the  prism,  wet  each  of  tliem 
sliglitly  with  the  tongue,  and  having  dried 
them  quickly,  place  tlie  plate  thus  formed 
between  two  plates  of  glass,  so  tliat  a 
thin  layer  of  Canada  balsam  may  cement 
them  to  the  glass.  This  will  produce  the 
effect  of  the  most  perfect  pobsh,  and  will 
preserve  the  plate  of  nitre  for  years  with- 
out injury. 

Let  the  nitre  thus  prepared  be  placed 
in  the  apparatus  of  fg.  21,  the  eye  look- 
ing into  the  plate  C,  and  seeing  tlie  black 
undefined  space  already  mentioned.  When 
the  plane  of  the  axis  of  nitre  is  parallel  or 
perpendicular  to  the  plane  of  primitive 
polarisation,  there  will  be  seen  the  beau- 
tiful system  of  rings  shown  in  Fig.  27. 
This  system  is  intersected  with  a black 
cross,  one  of  whose  arms  passes  through 
the  centres  of  the  two  systems  of  cun’es, 
while  the  other  arm  of  the  cross,  which 
is  always  less  defined,  is  at  right  angles 
to  the  former,  and  equi-distant  from  the 
centres  of  the  two  systems. 

If  we  now  turn  tlie  plate  of  nitre  round 
its  axis,  the  revolution  commencing  at 
0°,  the  black  cross  will  open,  as  shown  in 
Fig.  28.  As  the  revolution  advances,  it 


Fig.  27. 
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opens  mere,  as  shown  in  Fig.  29 ; and  at 
Fig.  29. 


45®,  it  has  the  form  shown  in  Fig.  30, 
where  the  form  and  colour  of  the  rin|^ 
are  much  more  distinctly  seen  tlian  in 


Fig.  30. 


fg.  27.  The  black  cross  has  now  sepa- 
rated into  two  hj-perbolic  curves,  the 
branches  of  one  curve  bcint;  parallel  and 
pemndicular  to  those  of  the  other. 

The  form  of  the  rings  has  a genera] 


resemblance  to  that  of  the  ellipse.  A 
certain  number  of  them  surround  each 
separate  centre,  which  seems  to  be  nearly 
in  one  of  their  foci ; but  after  the  outer- 
most of  them  meet  at  the  point  of  in- 
tersection of  the  black  cross,  some  of 
the  rinijs  have  points  of  contrary  flexure, 
and  they  afterwards  surround  tiie  two 
centres,  as  if  each  centre  were  one  of 
their  foci.  We  shall  presently  be  able  to 
give  a more  accurate  description  of  the 
form  of  these  itochmmatic  curves,  or 
lines  of  equal  tint  By  continuing  the  re- 
volution of  the  plate,  tlie  phenomena  of 
fig.’ll  will  occur  at  90®,  180®,  and  270®, 
and  that  cAfig.  30  at  1 35®.  225®,  and  3 1 5® ; 
but  during  all  these  changes,  the  form, 
and  the  colours  of  the  rings  themselves, 
suffer  no  change. 

If  we  now  examine  the  colours  of  the 
rings,  it  will  be  found  that  they  have  a 
genera]  resemblance  to  those  of  Newton's 
Table,  and  that  the  zero  of  the  different 
orders  of  colours  is  at  or  near  the  poles 
or  centres,  A B,/fg.  27,  and  they  increase 
outwards,  as  in  the  uniaxal  system  of 
rings  already  described.  The  rings  them- 
selves increase  in  diameter  as  the  plates 
of  nitre  become  thinner,  and  diminish 
when  they  become  thicker ; hut  at  all 
thicknesses  the  poles  A and  B are  the 
centres  where  the  colours  of  the  rings 
originate,  and,  generally  speaking,  never 
suffer  any  displacement. 

But  if  we  rrfuce  the  plate  of  nitre  to  a 
great  degree  of  thinness,  so  that  the  co- 
lour or  tint  produced  at  the  intersection 
of  the  arms  of  the  black  cross,  or  at  a 
point  half  wav  between  A and  B is  not 
perceptible,  llie  whole  system  of  rings 
will  appear  to  be  like  the  uniaxal  sjratera, 
and  the  black  cross  will  not  exhibit  the 
appearance  above  described.  By  thin- 
ning the  plate  of  nitre,  we  have,  as  it 
were,  destroyed  the  action  of  the  second 
axis  at  small  inclinations  (as  will  be  pre- 
sently better  understood) ; but  at  greater 
inclinations  this  axis  will  still  modify  the 
character  of  the  rings. 

As  these  poles,  viz.  A,  B,  fig.  27,  are 
points  where  there  is  no  polarisation,  tlie 
lines  passing  through  them  may  be  c-alled 
the  Ixnes  or  axes  of  no-polarisation,  a 
long  but  an  expressive  name,  and  we 
think  better  than  the  vague  one  of  optical 
axes*,  which  has  been  given  to  them. 
The  angle  subtended  by  the  poles  A,  B is 

• All  uses  in  crrntnh  nrn  optiral  «*<•« : but  nil 
ftXM  nr«  not  «XM  of  iio-/H)/<jnii<|{ioa.  An  cxpmuve 
and  Qiefnl  name,  which  contaiaft  a fact,  ought  ncrer 
to  bo  diooardod,  tiU  a better  om  U oblainedu 
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in  nitre  about  8°  at  the  eye ; but  witliin 
the  substance  of  the  crystal  the  axis  forms 
an  anple  of  only  5°  20'. 

In  crystals  such  as  Xiire,  Carbonate  of 
Lead,  krragunite,  where  the  inclination 
of  the  axet  of  no  polarisation,  or  of  the 
resultant  axes,  as  they  will  afterwards  be 
found  to  be,  is  small,  we  can  easily  see 
at  once  the  two  systems  of  rinsrs  sur- 
roundinj;  their  two  jKiles,  and  the  two 
pc'les  themselves  surrounded  by  tlw  same 
ring;  but  when  the  inclination  of  the 
resultant  axes  is  great , as  in  Topaz,  Mica, 
Feldspar,  we  can  only  see  at  once 
the  sj-stem  of  rings  round  each  )X)le.  In 
order  to  do  this  advantageously,  it  is 
convenient  to  grind  and  jmlish  a face  |Xt- 
pendicular  to  the  axis  passing  through 
that  pole.  In  mica  and  topaz,  however, 
this  is  not  necessary,  owing  to  the  facility 
with  which  tliese  minerals  cleave  in 
planes  equally  inclined  to  the  two  re- 
sultant axes. 

if  A B,  for  example,  (yfg.  31,)  is  a 
plate  of  topaz  cut  or  split  perpendicular 
to  the  axis  of  the  pnsm;  then  if  we 

ft^.31. 


P 


a 


place  this  in  the  apparatas,  yfg.  2 1 , so 
that  the  ray  of  polarised  light  passes 
along  D C rfN,  we  shall  see  a .system  of 
rings  like  that  in^.  32. 

In  like  manner,  by  transmitting  the 
larised  light  along  ECeM,  so  tliat 
CP=ECP,  we  shall  see  the  very 

Right  Pristn 


Oblique  Prism  . 


Octohedron 


The  following  is  a list  of  crystals,  with 
a double  system,  in  which  Dr.  Brewster 
measured  the  inclination  of  the  resultant 
axes  within  the  substance  of  the  crystal. 
The  measures  were  carefully  made,  but 


Fiff.  32. 


same  system.  Hence  1)  C,  E C are  the 
resultant  axes  or  lines  of  no  polarisation, 
and  the  angle  DCEis  etpial  to  121“  16'; 
but  the  rciil  inclination  of  tlie  resultant 
axes  within  the  ciystid,  oreCrf,  is  about 
63“ 

Hitherto  we  have  snpposedihat  the  ana- 
lysing plate,  C,  _/fg.  2 1 , is  fixed,  while  the 
plate  of  nitre  or  topaz  revolves.  But  if 
wc  suppose  the  nitre  or  tO|mz  fixed  in 
any  of  the  positions  which  give  the  phe- 
nomena sliovvn  in  27 — 30,  and  then 

turn  round  the  plate  C,  we  shall  see  in 
the  azimuths  of  90°  and  270°,  a comple- 
mentary system  of  rings,  in  which  the 
blacA  cross  is  while,  the  dark  parts  light, 
the  red  green,  and  so  on,  as  descritxxl  in 
our  account  of  the  Uniaxal  System  of 
Rings. 

The  ciystals  which  possess  a double 
system  of  rings,  are  very  numerous ; and 
we  must  refer  the  reader  to  the  long  list 
of  them  given  by  Dr.  Brewster  in  the 
article  Optics,  in  the  Edinburgh  Ency- 
clopeedia.  He  found  that  all  crystals 
have  a double  system  of  rings,  which 
belong  to  the  prismatic  system  of  Malus, 
or  whose  primitive  forms  arc: — 

Base  a Rectangle 
. Base  a Rhomb 

Base  an  Oblique  P.iralle!ograro 
. Ba.'w  a Rectangle 

Base  a Rhomb 

. B.vse  an  Oblique  Parallelogram 

B.vse  a Rectangle 
. Base  a Rhumb 

some  of  them  are  only  approximate  re- 
sults, and  will  admit  of  coasidcrable  cor- 
rection by  employing  belter  specimens 
than  hewas  able  to  procure.  Many  of  the 
measures,  indeed,  were  taken  witii  very 
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■mall  fraf^enU  of  minerals  placed  be-  polarised  ny  to  pass  along  the  resultant 
tween  pnsms,  in  order  to  permit  the  axes. 

Lift  of  Mineral*  and  Cryttal*,  wilh  the  Character  of  their  principal  Axis  and 
the  Inclination  of  their  Resultant  Axes. 


Character  of 

cliaatiou  of 

Names  of  Minerals* 

Principal  Axis. 

ResalUnt  Axes. 

GUuberite 

Negative 

•2.0 

or  3* 

Sulphate  of  Nickel,  cerUin  specimens 

Positive 

• 

. 

3 

Nitrate  of  Potaah 

Negative 

. 

5 

20' 

Mica,  certain  speciineos  • 

Negative 

, 

, 

6 

0 

Carbonate  of  Slrontites  . 

Negative 

, 

, 

6 

56 

Talc  .... 

Negative 

, 

, 

7 

24 

Carbonate  of  Lead 

Negative 

10 

36 

Su]phato>carbonate  of  Lead 

Negative 

10 

35 

Mother  uf  Pearl  . . . 

Negative 

11 

28 

Hydrate  of  Barytes  . . • 

Negative 

13 

18 

M ica*  certain  >peciineoJ  • . 

Negative 

14 

0 

Arra^onile 

Negative 

18 

18 

Prii^tiiate  of  Potash,  certain  specimens 

Positive 

19 

34 

Cymophane  . . 

Positive 

'17 

51 

Borax  .... 

Positive 

28 

42 

Anhydrite  .... 

Positive 

28 

7 



, 

. 

44 

41 

Apuphyllite,  hia^I  . . . 

Negative 

35 

8 

Sulphate  of  Ma;*^ncaia  . • 

Negative 

37 

24 

' Barytes  . 

Positive 

37 

42 

Spermaceti  . . . 

Positive 

37 

40 

Ttncal,  or  Native  Borax  . . 

Negative 

38 

48 

Nitrate  of  Zinc,  estimated  at  about 

. , 

40 

0 

HeuUndite  . . . 

Positive 

41 

42 

Sulpiiate  of  Nickel 

Positive 

42 

4 

(.'arboiiate  of  Ammonia  . . 

Negative 

43 

24 

Mica  .... 

Negative 

45 

0 

Lepidniite  .... 

Negative 

45 

0 

Jicnzoate  of  Ammonia  . . 

Positive 

45 

8 

Sulphate  of  Zinc  . . • 

Negative 

44 

28 

. ..  — — Ma^esia  and  Soda  « 

Positive 

46 

49 

Hopeite  .... 

Negative 

48 

0 

Sulphate  of  .Ammonia  . . 

Positive 

49 

42 

Brazilian  Topaz 

Positive 

49or50® 

Sugar  .... 

Negative 

50 

0' 

Sulphate  of  Strontiies 

Positive 

50 

0 

Murio-sulphate  of  Magnesia  and  Iron 

Negative 

51 

16 

Sulphite  of  Ammonia  and  Magnesia  . 

Positive  . 

51 

22 

Phosphate  of  Soda 

Negative 

.55 

20 

Coniptonile  . . . 

Positive 

56 

6 

Sulpnate  of  Lime  . • 

Positive 

60 

0 

Oxynitrale  of  Silver  . . • 

Positive 

62 

16 

Dichroite 

Negative 

62 

50 

Feldspar  .... 

Negative 

63 

0 

Topaz,  .Aberdeenshire 

Positive 

65 

0 

Sulphate  of  Potash 

Positive 

67 

0 

Carbonate  of  Soda 

Negative 

70 

J 

Acetate  of  Lead  . 

Negaiivo 

70 

25 

Citric  Acid  ... 

Positive 

70 

29 

Tartrate  of  Potash  . . , 

Negative 

71 

20 

Tartaric  Acid 

Negative 

79 

0 

Tartrate  of  Potash  and  Soda  . . 

Positive 

80 

0 

Carbonate  of  Potash 

. 

80 

30 

Kyanite  .... 

Poritive 

81 

48 

Hyper>oxymoriate  of  Potash 

. 

, 

82 

0 

Muriate  of  Copper  . • . 

84 

30 

Epidole,  about 

• « 

• 

84 

29 

Peridot  .... 

, 

87 

56 

Crystallised  Cbeltenhara  Salts 

, , 

88 

U 

Succinic  Acid,  estimated  about  . 

90 

0 

Sulphate  of  Iron,  about  . . 

. 

. 

90 

0 
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Having  thus  given  a general  account 
»f  the  phenomena  exhibited  by  the 
double  system  of  rings,  we  shall  now 

I>roceed  to  explain  the  law  which  regu- 
ates  tlie  polansed  tints  in  this  class  of 
crystals. 

In  all  crystals  without  axes,  tlie  aids 
coincides  witli  some  prominent  hne  in 
the  crystals  such  as  the  axis  of  the 
rhomlwid,  the  axis  of  tlie  uctohcdroii 
with  a square  base,  &c. ; but  as  the  re- 
sultant axes,  above  described,  do  not 
always,  or  even  frequently,  coincide 
with  any  fixed  line  in  tlie  crystals.  Dr. 
Brewster  conceived  tliat  they  were  not 
the  real  axes  of  the  crystals,  but  only  the 
residtants  of  the  real  axes,  or  lines,  in 
which  the  opposite  actions  of  the  two  real 
axes  compensated  each  other.  Various 
other  considerations  rendered  this  opinion 
almost  certain,  and  still  more  recent  dis- 
coveries have  established  it  upon  an  ira- 
precnable  basis.  Hence,  he  was  led  to 
consider  all  the  phenomena  of  the  rings 
and  all  those  of  double  refraction  as  tbe 
result  of  two  rectangular  axes,  the  prin- 
cipal one  of  which  was  equally  inclined 
to  the  two  resultant  axes  round  which 
the  rings  are  formed. 

It  is  easy  upon  this  principle  to  deter- 
mine what  wUt  be  the  tint  developed  at 
any  given  inclination,  by  each  of  the 
axes  acting  separately,  after  vve  have  as- 
certained the  relative  inclinations  of  each 
axis.  For  this  puiyiose,  let  ACBD, 
(fg.  33,  represent  any  crystal,  with  two 
axes  or  systems  of  rings , and  let  us 
suppose  It  turned  into  a sphere.  Let  P 

F,g.  33. 


A 


B 


be  the  pole  or  centre  of  one  of  the  sys- 
tems of  rings,  and  P the  pole  of  the 
other  system.  Join  PP',  and  bisecting 
P P in  O,  draw  A O B at  right  angles  to 
PP,  and  continue  PP  to  C and  D.  We 
shall  call  the  axis  or  diameter  passing 
through  the  point  O of  the  sphere  Oo,  ana 


the  diameters  drawn  tlirough  P and  P', 
Pp  and  Pp"  respectively.  Now  the 
double  system  of  rings  round  P,  P may 
be  produced  by  means  of  an  axis  Oo, 
and  another  axis  A B,  or  C D perpendi- 
cular to  0 0.  If  O 0 is  a negative  axis, 
which  we  shall  suppose  it  to  be,  then  the 
axis  AB  must  alro  be  a negative  one; 
but  if  we  suppose  the  two  axes  to  be  Oo, 
and  CD,  then  CD  must  be  poeitive. 
We  shall  suppose,  then,  that  the  two  axes 
are  O 0 and  A B,  both  negative. 

Since  the  action  of  the  axis  AB,  or 
the  tint  which  it  produces  at  P,  90°  from 
A,  is  destroyed  or  compensated  by  the 
action  of  the  axis  O o or  the  tint  pro- 
duced by  it ; and  it  is  evident  that  the 
ratio  of  the  intensities  of  the  axes  A,  B 

mast  be  that  of  1 to  . . .rv,.  For,  as 
sin.*  0 P 

the  tint  produced  at  P by  A B is  equal 
to  the  tint  produced  at  tlie  same  point  by 
C ; and  as  the  tint  produced  at  P by 
-A.B  is  its  maximum  tint,  AP  being  an 
arch  of  90°,  then  the  maximum  tint  pro- 
duced by  O 0 will  be  found  by  tlie  ana- 
logy, sin.*  0 P : rad.* ; : I ; 

sin.'OP 

Hence,  tlie  maximum  tint  of  AB  will  lie 
to  the  maximum  tint  of  O o as  sin.*  90° 

Of  I : -; — r:=rv,.  fhe  maximum  tint 
sin.‘OP 

which  any  axis  produces  being  a proper 
measure  of  its  intensity. 

Prom  a great  number  of  observations 
made  at  all  points  of  the  sphere,  and 
from  measurements  of  the  projected 
rings.  Dr.  Brewster  found  that  all  the 
phenomena  of  the  rings,  with  all  their 
varieties  of  form,  were  represented  by  the 
following  law : — 

The  tint  produced  at  any  point  of  the 
tphere,  by  the  joint  action  of  two  a.res, 
u equal  to  the  diagonal  of  a parallelo- 
gram, whoee  tidee  repreeent  the  tints 
produced  by  each  axis  separately,  and 
whose  angle  is  double  of  the  angle 
formed  by  the  two  planes  passing 
through  that  point  of  the  sphere,  and 
the  respective  ares. 

In  order  to  explain  the  application  of 
this  law,  let  it  be  required  to  determine 
the  tint  produced  at  IS,  fig.  33,  by  the 
two  axes  Oo,  A B,  whoee  relative  intensi- 
ties are  as  1 to  .■■ . „ Through  the 
sia*  OP 

given  point  of  the  s|ihere  E draw  tliree 
great  circles  A E F,  C E,  and  O E:  then  let 
't =Tint  required  at  the  point  E 
t =EO 
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«=EC 

a =Tint  policed  sepantely  at  E by 
the  axis  O o 

6 =Hnt  produced  separately  at  E by 
the  axis  A B 

^ =The  angle  of  the  panLllel<^;tain  of 
forces 

••  =The  angle  C E F 

t = The  angle  O E F 

A =The  arch  FO 

D =The  arch  F E 

{ = Half  the  difference  of  the  angles 
of  the  base  at  the  diagonal  of 
the  parallelogram  of  forces 
We  have  then,  bv  spherical  trigonometry, 
Cos.  < = C‘os.  AxCoa.  D 
f=  90»  — D 
Cos. -Tans.  O 


Cos.» 


Tang,  i 
Tang.  D 


Tang.  <1 
2AEO  = '^=2  (180«-*)=2  «. 

Now,  since  the  tints  produced  by  each 
axis  0 0,  A B at  E,  are  as  the  squares 
of  the  sines  of  inclination  to  the  axis,  or 
as  sin.  • O E and  sin.  • A E,  and  as  the 
relative  intensities  of  the  axes  are  as  1 to 

; we  shall  have  a = sin.  • O E,  and 


sia*OP, 

6=sin.*  AEXsin.  *0  P. 

Having  thus  found  a and  b the  sides 
of  the  parallelogram  of  forces,  whose 
angle  is  '!■,  tlic  diagonal  T of  this  paral- 
lelogram will  lie  thus  obtained : — 

=Greater  angle  at  the  base. 

Hence, 

T-— 

“ sin.J+l'I 
When  0 = 6,  then  


T=2  o (cos.  «■+•'). 

When  0 = 6,  and  the  axes  O 0,  A B,  of 
equal  intensity,  then  <r  = • and 

T=2  o (C0S.2  ••),or  T=2  o(cos.2  *). 
When  twice  the  angle,  formed  by  the 

E lanes  0 E,  A E,  is  90®,  or  'I-  = 90  , we 

ave  

T=  ^a’+b» 

WTien  ij.  = 180°  T=  a—b 
When  0“or360“  T=  a +6 
Such  is  the  method  of  determining  the 
tints  end  the  form  of  the  rings,  in  relation 
to  the  real  axe*  from  which  the  forces 
emanate;  but  in  relation  to  the  poles 
P,  P,  the  law  may  be  expressed  more 
simply  by  the  formula: 

T=<  sin.PEx  sin.  PE,  where  t is 
the  maximum  tint 


This  result  was  deduced  mathemstieally 
by  M.  Biot  from  Dr.  Brewster's  law ; and, 
w independent  observations,  it  was  esta- 
blished experimentally  by  Mr.  Herschel, 
who  found,  also,  (hat  the  curves  belonged 
to  theclass  called  Lemniscates,whichhave 
this  property,  that  the  rectangles  under  two 
lines  drawn  from  the  poles  P,  P*  to  any 
point  in  the  periphery  N,  for  example,  is 
invariable  throughout  the  whole  curve — 
that  is,  PN  xP'N  is  a constant  quantity. 

If  the  axis  O o.  Jig.  33,  is  exacUy  equ^ 
to  the  axis  A B in  intensity,  it  is  obvious 
that  the  points  of  compensation  P,  P*, 
where  the  tints  of  each  axis  are  equal  and 
opposite,  and  therefore  destroy  one  ano- 
ther, will  be  at  C and  D,  the  extremities 
of  an  axis  C D,  at  right  atu;les  to  the  two 
axes  O 0 and  A B ; and  as  there  cannot 
be  any  other  points  of  compensation,  the 
phenomena  will  now  be  related  to  one 
axis  CD,  and  this  axis  will  be  of  an 
opposite  character  to  O o and  A B — that 
is,  it  will  be  pemtive  if  they  are  negative, 
and  negative  if  they  are  potitive.  Dr. 
Brewster  has  demonstrated  that  a single 
system  of  rings  will  be  seen  by  looking 
along  C D,  and  that  all  the  phenomena 
produced  by  the  two  equal  axes  will  be 
mathematically  the  same  as  in  crystals 
with  a single  axis.  Hence  he  ascer- 
tained that  a single  system  of  rings 
did  not  necessarily  indicate  the  action 
of  a single  axis,  but  tliat  certain  phy- 
sical circumstances  might  occur  which 
would  determine  that  the  system  of 
rings  might  be  the  result  of  two  equal 
axes,  or  even  of  three  axes  which  are  not 
all  equal.  Such  circumstances  in  the 
condition  of  the  rings  have  been  disco- 
vered by  him ; and  it  is  therefore  an  un- 
doubted fact  that  crystals,  with  apparently 
one  axis,  have  in  rwility  a greater  number. 

System  of  Rings  produced  by  Common 
Light. — Hitherto  we  have  considered  ttie 
system  of  rings  as  produced  by  polarised 
light;  but  under  certain  circumstances 
they  may  be  produced  by  common  light, 
and  it  was  indeed  by  common  light  that 
they  were  first  discovered  in  to|»z  by 
Dr.  Brewster.  If,  for  example.  Jig.  3 1 , 
A B,  be  a plate  of  topax,  and  if  common 
light  is  incident  in  the  direction  D C of  one 
of  the  resultant  axes,  and  is  reflected  from 
the  posterior  surface  of  the  plate  at  d so 
as  to  reach  the  eye  in  the  direction  C'  E' 
of  the  other  resultant  axis,  we  shall  see, 
by  the  analysing  plate,  the  wstem  of  rings 
shown  in./fif.  32  ; or  if  D 0 is  polaris^ 
light,  the  rings  v^  be  seen  at  E'  without 
an  analysing  plate.  Other  curious  phe- 
nomena are  seen  when  the  rings  are 
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viewed  in  this  way,  but  our  limits  prevent 
us  from  enlai^ling  on  the  subject*  In 
the  first  of  these  cases,  even  when  the 
rines  are  produced  by  common  %ht  the 
It^ht  is  polarised  by  reflexion  at  d,  and 
the  rinf^  are  formed  by  the  action  of  the 
part  if  C'  of  the  costal ; but  in  the  second 
case  where  ])olariM  light  Is  used,  the 
rings  are  formed  by  the  action  of  the 
thickness  C d,  and  the  reflexion  at  d per- 
forms the  fimction  of  an  analysing  plate. 
Tliese  effects  are  owing  to  the  property  of 
topaz,  by  which  its  angle  of  maximum 
pokrisation  Is  almost  the  same  as  the 
angle  which  each  of  its  resultant  axes 
forms  with  a line  P C perpendicular  to 
th^late. 

The  system  of  coloured  rings,  produced 
by  the  interrupting  films  of  calcareous  spar 
which  will  be  described  in  a subsequent 
chapter,  may  be  seen  by  a proper  method 
of  observation,  without  any  polarising  or 
analysing  plate.  Dr.  Brewster  found 
cert^  crystals  of  nitre  which  exhibited 
their  rin«  in  the  same  manner;  and  Mr. 
Herschel  subsequently  found  that  the 
same  property  was  common  in  carbonate 
of  mtass.  This  last  author  has  given  to 
such  crystals  the  name  of  idiocyclopha- 
nout,  which  indicates  that  they  s/ioio  Iheir 
own  rings. 

Chapter  VIII. 

Connexion  between  the  Polaritation  and 
the  Double  Refraction  of  Light — Law 
of  Double  Refractim  in  Cry  stale  with 
two  Axes —Combination  of  Axes  of 
Double.  Refraction — Intensity  of  the 
Polarising  and  Doubly  Refracting 
Forces  in  different  Crystals. 

By  compmng  the  phenomena  of  the 
polarised  rings  with  the  intensity  of  the 
doubly  refracting  force  in  the  various 
crystals  which  produced  them,  it  was 
obvious  that,  in  crystals  with  one  system 
of  rings,  the  polarising  and  tlie  doubly  re- 
fracting force  increased  and  diminished 
together ; but  long  after  the  complicated 
tints  in  mica  were  discovered,  and  for 
several  years  after  the  publication  of  Dr. 
Brewster's  paper  on  the  double  system  of 
rings  in  topaz,  nitre,  &c.,  it  was  confi- 
dently maintained  by  the  French  philo- 
sophers thal  the  crystals  which  gave  two 
eystems  of  rings  had  only  one  axis  of 
double  refraction,  and  it  consequently 
followed  that  there  was  no  connexion  b^ 
tween  the  two  classes  of  phenomena. 

In  order  to  decide  this  question  by 
direct  experiment.  Dr.  Brewster  prepared 

* Se«  tbt  FAii9$opMcai  TrOMMctwnft  1814.  p.  S03 

-8U. 


prisms  of  topaz  so  as  to  allow  the  inci- 
dent ray  to  he  powerfully  refracted  along 
the  resultant  axis,  and  also  along  the  axis 
supposed  to  be  that  of  the  crystal ; but 
along  this  latter  axis  he  found  a di^inct 
double  refraction,  while  along  the  two 
resultant  axes  there  was  none  at  all ; thus 
establishing,  beyond  a doubt,  the  intimate 
and  neces.<ary  connexion  between  the  two 
classes  of  phenomena.  In  order  to  make 
this  result  more  general.  Dr.  Brewster 
prepared  plates  of  carbonate  of  potash, 
which  has  a great  double  refraction,  and 
he  observed  and  measured  the  separation 
of  the  images  in  different  planes  near  the 
resultant  axes.  He  had  thus  the  satis- 
faction of  seeing  the  two  images  overlap 
each  other  along  the  two  resultant  axes, 
and  again  separate ; such  separation  be- 
ing always  proportional  to  the  numerical 
value  of  the  tint  at  the  point  of  incidence. 

In  this  way  he  was  enabled  to  deter- 
mine the  law  of  extraordinary  refraction, 
and  to  confirm  it  by  direct  measures  of 
the  sejnration  of  the  imagea  This  law 
may  be  thus  expres.sed : — 

The  increment  of  the  square  of  the 
velocity  of  the  extraordinary  ray  pro- 
duced by  the  action  of  two  axes  of  dou- 
ble refraction  it  equ^  to  the  diagonal  of 
a parallelogram,  whose  sides  are  the 
increments  of  the  square  of  the  velocity 
produced  by  each  axis  separately,  and 
calculated  by  the  law  of  Huygens,  and 
whose  angle  is  double  of  the  angle formed 
by  the  two  planes  passing  through  the 
ray  and  the  respective  axes. 

This  law  is  now  admitted  as  the  uni- 
versal law  of  refraction  for  the  extraordi- 
nary ray ; and  M.  Fresnel  has  shown  that 
it  coincides  rigorously  with  the  results 
deduced  from  the  theory  of  waves  *. 

This  distinguislied  author,  whom  a 
premature  death  has  recently  cut  down 
m the  middle  of  the  most  brilliant  career, 
has  discovered  that  the  ordinary  ray  in 
crystals  with  two  axes  is  not,  as  was  sup- 
pled, under  the  influence  of  the  ordinary 
refracting  force,  but  is  regulated  by  a law 
analogous  to  that  of  the  extraordinary  ray. 

when  the  two  axes  ore  of  equal  inten- 
sity, and  are  both  negative  or  both  posi- 
tive, the  law  above  described  gives  iden- 
tically the  same  results,  as  the  law  of 
Huygens  does,  for  a single  axis  of  double 


• “ TliU coluiMjiwnce  of  tbf  Ihtfory  of 
If.  Fresnel,  **  tnnsUted  into  the  laoguai^  of  emm- 
sion,  where  the  ratioe  of  the  velocities  aunlrated  to 
ihfl  r»)fs  are  inrerte.  i»  preciselj  tb«  law  of  the  dif* 
ferraee  of  the  squares  the  velocities  which  Dr. 
Brewnter  had  dMared  from  hts  eiperimenu,  and 
whieh  was  afterwards  conArmed  by  thoae  of  M.  Biot, 
to  whom  we  owe  the  bitnple  fom  of  the  product  of 
two  alpea."— sdwnfea  Ckim.  »t  4c  idEtt. 


30 


POLARISATION  OF  LIGHT. 


refraction,  of  an  opposite  character,  placed 
at  rieht  angles  to  the  oilier  two,  and 
having  the  same  intensity  as  either  axis 
sinely. 

If  there  are  three  axes,  two  of  which, 
either  both  positive  or  both  netjahve,  are 
of  ^lud  intensify  and  in  the  same  plane, 
while  tire  third  is  at  rieht  angles  to  the 
other,  then  the  resultant  of  these  three 
axes  ivill  be  a single  axis  coincident  with 
the  latter  axis.  Thus,  in  Jig.  33,  if  the 
two  equal  axes  are  A,  C,  and  tire  third 
axis  O,  then  since  A=C 
If  their  characters  are  + A+ C — O o,  we 
shall  have 

The  single  axis  at  O o.  which  we  shall 
call  X 

x=  — (Oo+A). 

If  their  characters  are  — A— C— Oo,tlien 
.T=  — (Oo— A),  if  Oo > .\ 
a:=+(A  — Oo),  ifOo<A. 

If  their  characters  are + A + C + O o,  then 
ar=  + (0  o— A),  if  0 o >A 
,T=  — (A  — Ooi 

If  their  characters  are  — A — C + 0 o, 
then 

x=+(0  +oA). 

If  all  the  axes  are  equal,  and  have  the 
same  signs ; that  is,  if  A = C = O o,  then 
x = 0. 

That  is,  the  three  equal  axes  destroy  one 
another,  wlien  they  are  all  of  the  same 
character. 

In  the  preceding  combinations  of  axes 
we  have  supposed  two  of  them  to  have 
the  same  intensity  and  the  same  cliaracter, 
so  that  the  resultant  Ls  a single  axis,  or 
system  of  rings,  in  the  direction  of  the 
strongest ; but  when  the  axes  are  lluee 
in  number,  and  the  resultant  is  a double 
^stem  of  rings,  we  must  combine  them 
in  a different  manner. 

Let  ABC,  for  exam])le,yfg.  34,  be  the 

Fig.  34. 


A 


three  axes  the  resultant  of  which  is  re- 
quired ; then,  if  we  combine  A and  C by 


the  general  law  given  in  the  preoethng 
ciiapter,  we  shall  have  the  resulting  tint : 


T=^ 


asia  'I. 


sin.fC+i'l’) 

But  in  order  to  combine  this  tint,  arising 
from  the  united  action  of  A and  C,  we 
must  know  tlie  direction  of  it  When  we 
consider  that  ’1-  is  the  double  of  the  real 
angle  of  tlie  planes  in  which  the  forces 
from  A and  C act,  we  shall  find  that 
the  direction  of  the  new  plane  in  which 
A and  C are  united  forms  an  angle  with 
the  real  direction  of  C,  or  the  lesser  force, 
whose  complement  is 

W+5  ^ i 

or  -j-  H-  -j- 

or  it  forms  with  the  real  direction  of  A, 
or  the  greater  force,  an  angle,  whose  com- 
t is 


Hence  it  follows  that,  since  the  direction 
of  resulttant,  in  relation  to  C E.  is 
known,  its  direction  in  relation  to  B E, 
or  the  force  with  which  it  is  to  be  com- 
bined, Is  also  knowTi ; and,  usins:  accented 
letters  to  express  the  same  parts  of  W\e 
new  parallelogram  of  forces,  we  shall  have 
_ o'  sin,  >4,'  . 

“ sia(C+H'  ■ 


In  order  to  illustrate  this  in  a simple 
case,  where  the  truth  of  the  result  will  be 
immediately  recognised,  we  shall  take 
the  case  of  three  equal  axes,  where  the 
resultant  of  all  llic  three  is  0 or  sen;.  Let 
E.yfg.  34,  be  the  point  of  the  sphere  where 
we  require  to  know  the  tint  produced  by 
the  three  equal  axes — A— B — C,  and  let 


AE  = 70«  AG=6G®44' 


B E = fiO 
E G=30 
E F=20  Sin.« 

Sin.  • BE  = .75000  = 


CG=23  16 
CE=37  17 
A E = .883104=a 
. (237®  16' 

* =il22  .54 


Sia  • CE=.36694  =c  ? = 37  12 

» =40' 41  a+c=  1.25004 

V -77  52  a-c=  0.51616 


Hence,  if  we  combine  A and  C we  shall 
have 

T=.7500, 

winch  will  be  + or  positive,  because  4 is 
greater  than  1 80'. 

d-  i 

Now,  we  have -^j — i- -y-  = 49®  19', 

which  gives  40®  21'  for  the  direction  of 
the  new  plane  in  which  the  bvo  forces, 
emanating  from  A and  C,  produce  tlie 


Digitized  by  Google 


POLARISATION  OF  LIGHT. 


resultant  force  of  .7S00 ; but  the  angle  r 
or  CEG=40o  41',  so  that  the  rraiStant 
lies  in  the  plane  BEG;  and  hence  if  we 
combine  with  this  resultant,  or  +.7S00, 
the  forte  —.7500  produced  by  the  axis 
B,  the  result  will  be  0 *. 

The  same  method  is  applicable  to  the 
combination  of  axes  of  double  refraction ; 
the  numbers  corresponding  to  o.  A,  e be- 
ing in  this  case  the  difference  between 
the  squares  of  the  velocities  of  the  ordi- 
nary and  extraordinaiT  rays,  as  produced 
by  each  axis  separately. 

Intmnty  of  the  mlarieing  force  in 
differenicrystaU. — As  the  force  of  double 
refraction,  which  depends  on  the  angular 
sejiaration  of  the  ordinary  and  extraordi- 
nary images,  is  propt^onal  to  the  in- 
tensity of  the  polansii^  force,  it  would 
be  extremely  interestii^  to  possess  a 
complete  list  of  doubly  refraebng  crys- 
tals with  numerical  measures  of  the  two 
forces.  M.  Biot  determined  these  inten 
sities  for  a few  crystals ; but  the  fol- 


lowing list,’  which  is  much  more  com- 
ete  than  his,  has  been  given  by  Mr. 
erscheL 

As  these  numbers  form  the  most  valu- 
able mineralogical  characters*,  it  would 
not  be  difficult  for  a mineralogist  to  ac- 
quire tile  art  of  making  such  minerals. 
To  do  this  he  has  ordy  to  obtain  the 
maximum  or  equatorial  tint  of  crystals 
with  one  axis,  or  the  tint  perjiendicular  to 
the  two  resultant  axes  in  crystals  with 
two  axes,  and  reduce  the  measures  to  a 
given  thickness  of  the  mineral.  Now 
the  equatorial  tint  T,  in  the  first  case, 
may  be  found  by  the  rule  given  in  p.  22, 

col.  2,  or  by  the  formulaT=-r-^ .where 
sui.*^ 

t is  tlie  tint  expressed  numerically  at  any 
angle  p with  the  axis ; and  in  the  second 

case,  by  the  formula  T = -i ^ 

sin.;  X sin.; 

where  ; and  ;'  are  the  angles  w hich  the 
refracted  ray  forms  with  the  resultant 
axes  of  the  crystal. 


Table  of  the  Polariting  Jnteruitiee  of  some  CrystaU. 
I.— CavsTAia  WITH  onx  Axis. 

Iceland  Spar 

Hydrate  of  Strontia,  assuming  the  Index  of  Refr.  s 1.25 
Tourmaline 

Hyposulphatc  of  Lime  . * 

Quartz 

LeucocjroHte»  UniaxaJ  ApophylUte.  Ut  variety’ 

Camphor  . , * 

Veauvian  . . * , * 

Xlniaxal  Apophyllite^  2nd  varteCy  . * . * 

~ — 3rd  variety 

U.— CaT8TAl.t  WtTH  TWO  AXJ 

Anhydrite  (Inclination  of  axis  43°  48^ 

Mica  (Inclination  of  axis  43°) 

Sulphate  of  Barytes 

Heulandite  (White;  inclination  of  axi  54"  17*) 


VsImsoTT 

At  yeOew  Ught. 

VslHBld  ^ 

35801 

0.000028 

1346 

0.000803 

651 

0.001175 

. 470 

0.002129 

312 

0.003024 

. 109 

0.0091.50 

101 

0.009856 

41 

0.024170 

33 

0.030374 

. 3 

0.3G6C20 

la. 

7400 

0.000135 

. 1900 

0.000526 

1307 

0 00076.*) 

. 521 

0.001920 

949 

0.001021 

• Thp  preceding  wy  general  explanation  of  the 
otmiUnation  of  fAreeazeihac  been  rentlerad  necewiary 
by  tke  following  mnark  in  Mr.  Heracbel'a  aU«  7rco- 
tiu  on  lAijht  r«<'<7DUy  uabli&hed 

“ 1 1 appears  fo  n*  that  the  rule  for  thu  pnralUlo- 
fnm$o/  tinit.tulaidiown  by  Dr.  Hretr$ter,  becomes 
inapplicable  whena  third  axis  is  inirodaced:  for  this 
obvious  reason,  that  when  we  would  combine  the 
«»potiBd  tints  ansiag  from  two  of  the  axrn  (A.B), 
with  that  ansiag  from  the  action  of  the  tbird(C).  al> 
thoQgh  the  sides  of  ibe  new  parailelogram,  which  mu-«t 
be  consimcted,  are  given  (viz  the  compound  lint  T, 
and  the  simple  tint  t"),  yet  the  trordta^  of  tke  rule 
leaves  as  completely  at  a )ms  whatto  consider  as  its 
as  it  asiigai  no  single  line  which 
can  be  combined  with  the  axis  C in  the  manner  there 
remnred,  or  which,  quoad  kee.  is  to  be  taken  ns  a ro- 
saltan  t of  the  axis  A,  B.”  We  hambly  conceive  that 
the  distingoished  aatbor  of  this  passage  has  commit- 
ted oa  oversicbt  la  sapposiag  that  Dr.  Brewster  has 


^en  any  rule  for  the  eombinatioL  of  three  are*. 
Jnw  mleorlaw,  which  is  distioguLshed  by  italic 
printing,  as  ia  page  *7.  col.  8,  of  this  treatise.  Tclafe* 
liolely  (0  the  combination  of  tbe  two  axe*.  In  the  jia- 
^ruph  following  the  rule  given  in  the  FhUoiopkicai 
Trntuaetiont,  18l8,  Ur.  Brewster  remark.^  that  **  if 
the  crystal  has  three  or  more  axes,  (he  resuliiog  tint 

trod  need  from  any  two  of  them  may,  in  like  manner, 
p combined  with  the  :hml.and  this  resulting  lintwith 
the  fourth.lill  the  general  resultant  of  all  the  forces  is 
obuined."  Here  he  obviously  states  no  rule,  bat 
merely  that  the  third  axis  may  be  combined  in  like 
manner  with  tbe  resultant  of  tbe  other  two.  This 
manner  be  did  not  think  it  necessary  then  to  point 
out,  u he  conceived  it  would  occur  to  any  person  who 
studied  the  subject.  We  have,  therefore,  felt  it  ne- 
®<*>anr  to  show  that  the  nUe  or  law  is  perfectly  ai^ 
pUeable  in  all  cases. 

• Sdiu.  /ewm,  roL  vU.  p.  UL 
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Chaptkr  IX. 

Deviation  of  the  polarited  tinte  from 
those  of  Newton's  scale — Mr.  Her- 
schels  discovery  of  the  different  jnsi- 
tions  of  the  oj>tic  axes  in  the  same 
crystal  for  differently  coloured  rays 
— Deviation  in  crystals  with  one  axis 
— Rings  of  Apojihyllite,  4^. — Pheno- 
mena of  Glauberitt. 

Having  considered  in  the  preceding; 
chapter  the  form  of  the  rinsjs  and  tlie 
law  of  their  production,  we  come  now 
to  consider  the  colours  of  which  they 
consist.  M.  Biot  had  taken  it  for  granted, 
in  all  his  investigations,  that  they  were 
the  same  as  the  colours  of  thin  plates ; 
hut  in  1813,  Dr.  Brewster  showed,  in 
his  table  of  tlie  colours  of  the  rings  in 
topai*,  not  only  that  they  varied  in  dif- 
ferent azimuths,  but  that  there  were  even 
colours  developed  at  the  eidremity  of  the 
two  resultant  axes.  In  his  paper  on  the 
laws  of  polarisation,  written  in  1817, 
he  remarks,  “ that  in  almost  all  crystals 
with  two  axes,  the  tints  in  tlie  neigh- 
bourhood of  the  resultant  axes,  when 
the  plate  has  a considerable  thickness,  lose 
their  resemblance  to  those  of  Newton's 
scale,  as  will  he  more  minutely  described 
in  another  paper tPhil.  Trans.,  1818, 
p.  2J3,)  and  in  April,  1817,  he  com- 
municated to  the  Royal  Society  of  Edin- 
burgh, his  discovery  of  the  extraordinary 
system  of  rings  in  the  apophyllite  from 
the  TvtoI,  in  which  the  colours  had  not 
the  slightest  resemblance  to  those  which 
ap]iear  in  carbonate  of  lime,  apatite  and 
lieryl.  In  the  prosecution  of  the  subject, 
he  found  that  in  biaxal  crystals  the 
deviation  was  strong,  as  in  tartrate  of 
potash  and  soda  and  in  acetate  of  lead ; 
and  that  the  crystals  in  which  it  was 
found  might  be  divided  into  two  classes ; 
viz. — 1st.  those  that  had  the  red  ends  of 
the  rings  inward,  or  within  tlie  resultant 
axes,  and  the  blue,  ends  outwards,  or 
without  the  resultant  axes;  and  2nd. 
those  that  had  the  red  ends  outwards, 
and  the  blue  ends  inwards.  Those  crys- 
tals in  which  the  deviation  is  very 
striking,  are  given  in  the  following 
table ; — 

Class  I. — Red  ends  inwards. 
Nitre. 

Sulphate  of  Strontia. 

Baryta. 


* Phil,  Trom.  1814.  p.  S04  S07*~The  pbeaonentk 
vrerr  r^pmented  in  coionml  drawriop  H9w  in  tb« 
poMewiMi  of  tbc  Ro/nl  bocictf. 


OF  LIGHT. 

I^osphate  of  Soda. 

Tartrate  of  Potash. 

Hyposulphite  of  Strontia  (Herschel). 

Su^  fHerschel). 

Arragonite. 

Carbonate  of  Lead. 

Sulphato-bi-carbonate  of  Lead. 

Class  II. — Red  ends  outwards. 

Topaz. 

Mica. 

Anhydrite. 

Tartrate  of  Potash  and  Soda. 

Native  Borax. 

Sulphate  of  Magnesia. 

Arseniate  of  Soda. 

Crystals  unclassed. 

Chromate  of  Lead. 

Muriate  of  Mercury. 

Copper. 

Oxynitrate  of  Silver. 

Sugar. 

Crystallised  Cheltenham  Salts. 

Nitrate  of  Mercury. 

Zinc. 

Lime. 

Superoxalate  of  Potash. 

Oxalic  .\cid. 

Sulphate  of  Iron. 

Cymophane. 

Feldspar. 

Benzoic  Acid. 

Chromic  Acid. 

Nadelstein. 

This  curious  branch  of  the  polarisa- 
tion of  light  attracted  the  particular  no- 
tice of  Mr.  Herschel,  who,  by  examining 
the  phenomena  in  homogeneous  light, 
discovered  that  the  resultant  axes  differ 
in  situation  within  one  and  the  same 
crystal  for  the  differently  refrangible 
homogeneous  rays.  “ To  make  tliis  evi- 
dent," says  he,  “ to  popular  inspection, 
take  a crystal  of  Rochelle  salt  (tartrate 
of  potash  and  soda),  and  having  cut  it 
into  a plate  perpendicular  to  one  of  its 
optic  axes,  or  nearly  so,  and  placed  it  in 
a tourmaline  apparatus,  let  the  lens  be 
illuminated  with  the  rays  of  a prismatic 
spectrum,  in  succession,  beginning  with 
the  red,  and  )>assing  gradually  to  the 
violet,.  The  eye  being  all  the  time  fixed 
on  the  rings,  they  wul  appear  for  each 
colour  of  perfect  regularity  and  form  re- 
markably well  defined,  and  contraclit^ 
rapidly  in  size  as  the  illumination  is 
made  with  more  refrangible  light;  but, 
in  addition  to  tlus,  it  will  be  observed 
that  the  whole  system  appears  to  shift 
its  place  bodily,  and  advance  regularly 
in  one  direction  as  the  illumination 
changes ; and,  if  it  be  alternately  altered 


Digiti  -^-d  by  Gotij(Ie 


POLAW^TION  OF  LIGHT. 


from  red  to  violet,  and  back  a^in,  the 
(K)lc,  with  the  rin)^  about  it,  will  also 
move  backwards  and  forwards,  vibrat- 
ing, as  it  were,  over  a considerable  space. 
If  homogeneous  rays  of  two  colours  be 
thrown  at  once  on  the  lens,  two  sets  of 
rings  will  be  seen,  having  their  centres 
more  or  less  distant,  and  their  ma^i- 
tudes  more  or  less  different,  according 
to  the  difference  of  refrangibility  of  the 
two  species  of  light  employed." 

This  description  will  M understood  by 
referring  to  27,  where  we  may  sup- 
pose the  rings  round  A to  be  those 
viewed  by  the  obaerver.  In  violet  light, 
they  will  approach  towards  CD,  and 
within  28°  of  it,  while,  in  red  light,  they 
will  recede  from  CD  as  far  as  38°,  the 
rings  formed  by  intermediate  colours 
having  intermediate  positions,  the  centres 
of  all  these  systems  of  rings  lying  in  one 
plane,  viz.  that  of  the  prinei|ial  section  of 
the  crystal  passing  through  AB.  These 
results  will  be  still  better  seen  by  using 
a crystal,  in  which  both  the  systems  of 
rings  round  A and  B are  seen  at  once. 
The  centres  AB  of  the  two  systems  will 
approach  to,  and  recede  from,  each  other, 
according  as  violet  or  red  light  is  used ; 
so  that,  when  white  light  is  used,  all  the 
systems,  when  seen  at  once,  will  form  a 
most  irregular  system. 

In  the  rings  of  topaz,  and  of  other 
crystals.  Dr.  Brewster  observed  the  tints 
to  commence  from  black,  at  points  which 
he  called  virtual  pole*,  because  they 
were  different  from  the  read  poles.  These 
virtual  poles  lie  between  the  resultant 
axes  in  crystals  of  the  first  class,  and 
beyond  them  in  those  of  the  second 
class,  and  are  easily  explained  by  the 
compensation  which  takes  place  in  con- 
sequence of  the  displacement  of  the  rings 
for  different  colours. 

In  crystals  where  the  displacement  of 
the  rings  is  very  great,  the  two  oval  cen- 
tral spots  shown  inyfg.  32  are  drawn  out, 
as  Mr.  Herschel  observes,  into  long 
spectra  or  tails  of  red,  green,  and  violet 
light,  and  the  extremities  of  the  rings 
shown  in  the  same  figure,  are  distorted 
and  highly  coloured,  exhibiting  fhc  ap- 
pearance shown  in  y^.35.  Ifwcexarainc 
these  spectra  with  coloured  media,  which 
absorb  different  colours,  they  will  be 
found  to  consist  of  well  defined  spots  of 
the  several  simple  colours,  arranged  on 
each  side  of  the  princip^  section,  as 
shewn  in  yfg.  3B.  The  length  of  the 
spectra  within  the  crystal  is,  in  Rochelle 
sidt,  no  less  than  ten  degrees. 


Fig.  35. 


The  discovery  of  Mr.  Herschel,  which 
■we  have  now  explained,  is  a com|>lele 
proof,  if  any  were  wanted,  of  Dr.  Brews- 
ter’s theory,  that  all  the  tints  are  related 


Fig.  30. 


^ ^ Yellow. 
£ $ Green. 

( 9 Blue. 


• # Indigo. 

S I 'Violet. 

to  t»ro  rectangular  axes,  and  that  the 
two  ajjparent  axes  passing  through  the 
centres  of  the  systems  of  rings,  are  merely 
axes  of  compensation,  or  resiUtant  axes. 
If  this  were  not  the  case,  Rochelle  salt 
would  have  two  axes  for  each  dilferent 
ray  of  the  spectnim,  and  the  axes  of 
crystals  would  have  no  definite  position, 
and  no  relation  to  the  crystalline  form  of 
the  substance.* 

In  order  to  explain  the  cause  of  the 
displacement  of  tne  systems  of  rings  in 
homogeneous  light,  let  the  rings  be  pro- 
duced by  two  neipdivc  axes  C.  A.yfg.  37, 
of  which  C is  of  such  strength,  that  it 

* Se«  Mr,  H«*r9chffl*H  origioftl  lo  tb«  Mtm 

Camib,  Phil,  1. 
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Fig.  37. 


A 


will  iiroducc  at  F the  same  tint  of  red 
liirlit  that  A docs  at  F.  In  this  case,  the 
tints  will  destroy  one  another,  and  the 
Mack  spot  at  F will  be  the  i«le  of  one  of 
the  systems  of  rint;s  of  red  li^ht.  If  C 
and  A had  the  same  proportional  action 
on  the  violet  and  other  rays,  as  on  the  red 
rays,  which  is  the  case  m bi-carbonate 
of  ammonia,  then  F would  also  be  the 
point  of  compensation  for  violet  or  other 
light,  and  the  pole  of  the  violet  or  other 
rings.  In  this  case,  there  tfould  be  no 
virtual  poles,  no  displacement  of  the 
rings  in  homogeneous  li^ht,  as  in  Ro- 
chelle salt ; and  the  tints  would  lie 
exactly  those  of  Newton's  scale.  But,  if 
the  axis  C has  a greater  proportional 
action  upon  the  triolet  and  other  rays 
than  A,  it  will  produce  a higher  tint  at 
F than  that  produced  hy  A;  and  the 
point  of  comj^nsation  wul  now  be  at  /, 
which  will  become  the  centre  of  the  violet 
system  of  rings.  The  centres  of  the  otlier 
systems  of  rings  foryellowand  green  light 
vm  occupy  intermediate  points  between 
F and  /,  and  FF*  will  be  the  inclination 
of  the  resultant  axes  for  red  light,  and 
f f for  violet  light.  This  is  the  case 
with  all  the  crystals  in  Class  I.  oL  the 
preceding  Table.  On  the  other  hand,  if 
the  axis  C had  a less  proportional  action 
upon  the  violet  rays  than  A,  the  points  of 
oomjiensation  would  be  at  c and  i,  and  cd . 
would  be  the  inclination  of  the  axes  for 
blue  light,  which  is  tlie  case  with  all  the 
crystals  in  Class  II.  Here,  then,  we  have 
a complete  explanation  of  all  the  pheno- 
mena observed  by  Mr.  Hersclicl,  and  are 
able  to  calculate  them  in  tlie  most  rigo- 
rous manner,  by  supposing  the  real  axes 
to  be  at  A and  C,  and  to  have  an  inva- 
riable position  coincident  with  fixed  Knes 
in  the  primitive  form  of  the  mineral. 

The  most  remarkable  example  of  de- 
viation from  the  tints  of  Newton's  scale 
occurs  in  apophyllite,  which  has  gene- 


rally one  axis  of  double  refraction.  In 
the  Tyrol  apophyllite,  according  to  Di 
Brewster,  the  system  of  coloured  rings 
witli  which  its  axis  is  surrounded 
is  comjiosed  of  unusual  tints,  the  only 
colours  being  hluieh  violet  and  greenith 
uelloie,  sep^ted  by  a ring  of  white  light 
By  examining  the  a]X)phyllite,  however, 
in  homi^neous  light,  Mr.  Herschel  suc- 
ceeded m determining  that  some  spe- 
cimens exercise  a negative  or  repuleive 
action  upon  the  rays  at  one  end  of  tlie 
spectrum,  a poeitive  or  attractive  action 
upon  the  rays  at  the  other  end  of  the 
spectrum,  and  no  action  at  all  upon  the 
mean  rcftmigible  rays.  In  one  case  the 
doubly  refr^ting  action  ceased  in  the 
yeUow  rays,  and  in  another  in  the  indigo 
rays.  The  following  were  the  tints  ob- 
served in  these  two  cases. 

First  Sprcimen. — Firet  Order,  Black, 
sombre  red,  orange  yellow,  green, 
greenish  blue,  sombre  and  dirty 
blue. 

Second  Order.  Dull  purple,  pink, 
ruddy  pink,  pink  yellow,  pale  yel- 
low, (almost  white)  bluish  green, 
didl  pale  blue. 

Third  Order.  'Very  dilute  purple, 
pale  pink,  white,  very  pale  blue. 
Second  Specimen. — Firtt,  and  only 
Order.  Black,  sombre  indigo,  in- 
digo, indigo  inclining  to  purple,  pale 
blue  purple,  very  pale  reddish  puiple, 
pale  rose  r^,  white,  white  with  n 
hardly  perceptible  tinge  of  green. 

In  these  two  specimens  the  rings  in  - 
crease  in  diameter  with  great  npidity 
from  the  red  end  of  the  spectrum ; — they 
become  infinite  in  diameter  in  the  yel- 
low rays  in  Specimen  fint.  and  in  the 
indigo  rays  in  Specimen  eecond ; after 
whieli  they  again  beoome  finite  and  con- 
tinue to  contract  up  to  the  violet  end  of 
the  spectrum,  where  they  have  still  a 
considerably  larger  diameter  than  in  the 
red  rays. 

In  other  specimens  of  apophyllite, 
which  Mr.  Herschel  calls  leueoeyclite, 
from  the  rings  being  white  tuid  black,  the 
action  of  the  doiilily  refracting  force  was 
so  equal  ujxm  all  the  rays  of  the  spec- 
trum, that  the  diameter  of  the  rings  was 
nearly  alike  for  all  colours.  If  this  were 
accurately  the  case,  the  system  of  rings 
formed  in  white  light  by  the  super-po- 
sition of  all  these  rings  woidd  be  simple 
alternations  of  perfect  black  and  wlute. 
This  equality  was  so  nearly  tlie  case  in 
one  specimen,  that  Mr.  Herschel  counted 
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t!iirty-five  rings.  Under  a more  careful 
examination,  however,  he  found  that 
they  had  the  following  colours. 
fjTi/  Order. — Black,  greenish  white, 
bright  whita,  purplish  white,  sombre 
violet  blue. 

Second  Order. — Violet  almost  black, 
pale  yellow  green,  greenish  white, 
white,  purplish  white,  obscure  indi- 
go inclining  to  purjile. 

Thirti  Order. — Sombre  violet,  tolerable 
yellow  green,  yellowish  white,  wliite, 
(lale  purple,  sombre  indigo. 

Fourth  Order. — Sombre  violet,  livid  grey, 
yellow  green,  pale  yellowish  white, 
while,  purple,  very  sombre  indigo. 

Mr.  Herschel  likewise  found  a remark- 
able deviation  of  the  tints  in  hypo-tul- 
phiUe  of  lime,  and  in  Vetuvian  *. 

The  explanation  of  sueh  remarkable 
deviations  from  the  usual  tints,  as  exhi- 
biled  in  apophyllitc,  was  deduced  by  Ilr. 
Brewster  from  his  Theory  of  Rectangu- 
lar Axes,  and  by  means  of  it,  all  tlie 
prweding  phenomena  arc  capable  of  the 
most  rigorous  computation.  In  the  PhU. 
Trnnt.  1818,  p.  249,  he  has  shown  “ that 
a single  positive  axis(/g-38  )raay  lie  repre- 
sented by  three  rectangular  positive  axes 
(C,  A,,andB)  provided  two  of  them  ( A,  B) 
pc  equal,  and  the  third  (C)  has  a less 
intensity  than  the  other  two."  The  same 
author  has  also  shown  {Phil.  Trane. 
1813)  that  double  refracting  crystals  have 
also  two  dispersive  powers ; and  he  con- 
cluded that  in  crystals  with  two  axes, 
each  axis  lias  a different  action  upon  the 
differently  coloured  rays. 

In  the  case  of  apophyllite,  then,  the  two 
positive  axes  A,  13,  38)  will  produce 

a negative  resultant  axis  at  C ; and  as 
the  ri«l  axis  at  C is  positive,  the  ap- 
larent  or  finally  resultant  axis  at  C will 
le  a single  axis,  negative  if  the  negative 
be  the  strongest,  aadpoeitive  if  thepori- 
tire  axis  be  the  strongest.  Now  let  us 
supjiose  that  in  the  apophyllite  the  two 
axis  at  C have  equal  intensity,  vis.  + C 
and— C,  (— C being  the  resultant  of  -I- A 


•••Among  rrjfiittJs  with  one  axis,"  nars  Nfr. 
Ker«chel,**Dr.  nrewKterhsufmiTnpratni  the  l4ocm»t 
or  VetHwian,  and  eorraotljr.  Had  he  noticed,  koir« 
ever,  in  th«  opecimens  riamined  bj  him,  the  rrry 
•friWnjj  turemiofi  of  the  tint*  of  Newton**  tcale  e». 
Iitbited  m the  rin|f^  of  that  now  before  «*,  he  wonld 
do')bt!e«»  hare  made  mention  of  iC."  TreatUe  on 
kiithi,  I US3.  Dr.  Brewster  examined  atUy  oa^epecis 
men  of  Vestiriaa,  which  was  a Ur^r  and  valtinbia 
crystal  lent  to  him  for  ib*  narposc,  and  which  h« 
wae  not  allowed  to  cat.  It  was  of  a nntbrovni 
eolimr.eolficienl  to  mask  completely  any  ptroliarity 
in  it*  tints  ; and  was  ia  otker  mpeota  qnlta  tufiCted 
for  the  obseirattou  mad*  by  Heneb^ 


LIGHT 


Fig.  38, 

A 


and  -bB,)  for  ye//ow  light,  and  tliat  -C 
acts  more  powerfully  ujxm  the  red  rays, 
than  -t-C,  while  -(-C  acts  more  energe- 
tically upon  the  violet  rays.  In  this  ease 
tlie  two  axes  -bC  and  -C  will  com- 
pensate one  another  exactly  for  yellow 
light,  or  there  will  be  no  double  refrac- 
tion and  polarisation  for  yellow  rays,  or 
the  diameter  of  the  rings  will  be  infinite. 
In  red  light  the  predominance  of  — C will 
leave  a single  negative  axis  of  double  re- 
fraction  for  red  rays,  and  will  conse- 
quently produce  a negatire  system  of 
rings.  In  violet  light,  on  the  contrary,  the 
predominance  of  the  action  of  -bC  will 
leave  a single  positive  axis  of  double 
refraction  for  violet  rays,  and  will  con- 
sequently produce  a positive  system  of 
rings.  Tliecomiicnsation  here  descrilicd  is 
exactly  analogous  to  that  of  a compound 
lens,  consisting  of  a convex  and  concave 
lens  of  equal  curvatures,  of  such  glass 
that  their  indices  of  refraction  for  yellow 
rays  is  equal,  wliilc  the  index  of  refrac- 
tion for  the  violet  rays  is  greater  in  tlie 
convex  lens,  and  the  index  for  the  rea 
rays  greater  in  the  concave  lens.  .Such 
a lens  will  converge  the  rudet  rays,  di- 
verge the  red  ravs,  and  jirodiice  no  dc- 
yiatioii  at  all  in  the  yellow  ones.  That 
is,  the  same  compound  lens  will  be  a 
plane  lens  in  yellow  light,  a convex  one 
ill  Hue  light,  and  a concave  one  in  red 
light. 

In  this  view  of  the  subject  each  order 
of  colours  in  apophyllite  is,  .as  it  were,  a 
secondaiy  residual  siwctnim  arising  from 
the  opposite  action  of  the  negative  and 
positive  axes,  and  the  tints  of  wliiclr 
tliese  orders  arc  composed  will  conse- 
quently vary  according  to  the  locality 
of  the  ray  Of  compensation. 

From  the  circiimsbiiice  of  some  speci- 
mens of  apophyllite  exercising  a negative 
action  iinpn  light.  Dr.  Brewster  states, 
that  he  had  no  doubt  that  apuphyllites 
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wonld  yet  be  found  in  wliich  the  axis  is 
necative  in  all  the  rays  of  the  sp^tnnn*  ; 
and  some  years  afterwards  he  discovered 
the  remarkable  mineral  of  oxahv/Tite, 
which  is  an  apophyllite  with  this  property  .t 

These  views  have  been  confirmed  and 
illustrated  by  a more  recent  observation 
of  the  same  author,  who  has  found  that 
glauberitf  has  turn  axes  for  red  light  arid 
only  one  negative  axis  for  violet  light. 
In  this  case  the  single  negative  violet 
axis  C is  the  resultant  of  two  positive 
axes  at  A and  B of  equal  intensity,  While 
the  same  two  axes  have  different  inten- 
sities for  red  and  the  other  rays  of  tlie 
spectrum. 

Hence  in  aperphyllite  the  single  system 
of  rings  is  the  resultant  system  of  three 
rectangiUar  axes,  wliile  in  glauberite 
the  single  system  of  violet  rings  is  the 
resultant  of  two  rectangular  axea 


Chapter  X. 

Cause  of  tne  Colours  of  Polarised 
Light — Biofs  Theory  of  moveable 
Polarisation  — Laws  of  the  Inter- 
ference of  Polarised  Rays — their  iq>- 
pliealion  to  ea-plain  the  Colours  of 
Polarised  Light. 

Havi:<o  thus  descrilied,  as  briefly  and 
]>erspicuously  as  we  can,  the  general 
phenomena  of  the  colours  of  polarised 
light  as  produced  by  doubly  refracting 
crystals,  we  shall  proceed  to  consider 
the  explanations  which  have  been  given 
of  them.  We  have  already  shown,  in 
Chap.  Vl.  p.  19,  tliat  the  thin  plate  of 
sulpnate  of  lime,  D E F G,  divides 
white  light  into  two  coloured  pencils, 
complementary  to  each  other,  as,  for  ex- 
ample, red  and  green.  These  are  the  ex- 
traordinary ana  ordinary  images  pro- 


duced by  doulile  refraction ; and  we  sliall 
distinguish  them  by  the  letters  E and  ( ), 
In  doubly  refracting  jilates  or  crystals 
of  considerable  tliickncss,  the  two  |ien- 
cils,  O and  E,  arc  jicrfectly  white  and 
equal,  and  are  polarised  in ' planes  at 
right  angles  to  each  other,  as  already 
explained;  but  in  thin  jilates,  where  O 
and  E are  coloured,  they  are  polarised  in 
a different  manner. 

Since  the  extraordinary  pencil,  namely, 
the  red  one  or  E,  is  reflected  by  the  ana- 
lysing plate  C,  and  is  a maximum  when 
C is  in  the  azimuths  of  90®  (the  one  shown 
in  the  figure)  and  270<>,  its  polarisa- 
tion must  be  different  from  that  of  the 
rayA  B ; and  since  nopart  of  theordinaiy 
jiencil,  or  the  green  one  O,  is  reflected,  this 
last  must  have  the  same  polarisation  as 

• Kdin.  Kncycl.  <»rt.  Optics.  V'ol.  XV.  p,  597. 

^ Kdia.  JgQmiU  of  Science.  No.  XllI,  p.  115, 


the  pencil  A B.  Hence  the  action  of 
the  plate  of  sulphate  of  lime,  D E F G, 
iqKin  the  polarised  ray  A B,  is  to  divide 
it  into  two  pencils,  O and  E,  green  and 
m/,  the  former  having  the  same  polar- 
isation as  A B,  and  the  latter  a different 
)X)larisation.  Let  us  now  sujipose  the 
plate  D E F G to  revolve  round  the  ray 
A B,  and  let  a be  the  angle  of  azimuth 
which  tlie  axis  F G of  the  crystal  or  plate 
of  sulphate  of  lime  formswith  the  plane  of 
rimitivc  polarisation  R A B : then  we 
ave  already  seen  that  when  «— 45°,  the 
red  rays  are  reflected  at  C,  when  the 
azimuth  of  C is  90°  and  270°,  and  is  not 
reflected  at  all  when  its  azimuth  is  0°  and 
180°.  Hence  the  red  jieneil  or  E must 
have  been  polarised  in  a plane  at  right 
angles  to  that  of  A B,  or  the  change  of  po- 
larisation etfected  by  the  plate  must  have 
been  90®=2  K 45°= 2 a.  By  making  a of 
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venous  ma^iudes,  Biot  determined 
that  the  change  of  polarisation  of  the 
pencil  E was  always  equal  to  2 a,  and 
ne  thus  established  Kis  doctrine  of  move- 
able  polarisation  in  a double  azimuth, 
in  contradistinction  to  Jixedpolarisation, 
or  lliat  which  takes  place  in  thick cr)  stals. 
Hence  it  follows  that  in  tliin  plates  the 
pencils  O and  E are  not  polarised  at 
refill  anjflcs  to  each  other,  as  in  thick 
plates  ; but  no  attempt  was  made  to  de- 
termine by  what  chaiiK^'^*  the  moveable 
polarisation  passed  into  the  fixed  jx)lari- 
salion,  or  at  what  limit  a plate  ceastnl  to 
be  a thin  one,  orl»e^n  to  be  a tliickone. 

Upon  this  doctrine  M.  Biot  attempted 
to  explain  all  the  colours  of  polansed 
li^ht  by  his  theory  of  the  “ oscillation  of 
luminous  molecules,**  a theory  of  ^jreat 
boldness  and  itu^nuity.  He  supposed 
that  as  soon  as  a jndarised  ray  pene- 
trated a thin  cr)’stalline  plate,  its  plane 
of  polarisation  oscillated  alternately  in 
two  different  planes,  o!ie  its  original 
plane  of  polarisation,  and  the  other  the 
plane  of  2 a.  The  frequency  of  these 
alternations,  like  Newton’s  fits,  varied 
with  the  reframribility  of  the  rav,  being 
greatest  in  the  red  and  least  in  tfie  violet, 
and  are  supposed  to  take  place  at  eijual  in- 
tervals, whfle  the  ray  is  jjassinir  through 
the  plate.  Upon  this  hypothesis  M.  Biot 
has  Kiunded  his  explanation  of  the  colours 
of  polarised  light ; and  it  might  have  re- 
mained long  as  a monument  of  tlic  au- 
thor’s ingenuity  and  as  a hyi>othetical  ex- 

firession  of  a great  nunilx'rof  jjhenomena, 
latl  not  M.  Fresnel  sapped  its  foundations 
by  a beautiful  analysis  of  tin*  phenomena 
on  which  it  rests,  and  a referenceofall  the 
colours  of  polarisetl  light  to  tlie  general 
principle  of  interference.  Tliis  explana- 
tion, indeed,  was  first  given  by  Dr.  Thos. 
Young,  but  it  was  tlie  discovery  of  M. 
Fresnel  alone  that  established  it  upon  an 
impregnable  basis. 

The  general  principle  of  the  interfer- 
ence of  common  light  has  been  explained 
in  the  Treatise  on  Optics,  Chap.  XII. 
p.  3 1 . We  shall  therefore  proceed  to  give 
some  account  of  the  experiments  of  M. 
Fresnel,  who  was  associated  with  M. 
Arago  in  this  inquiry.  The  following 
is  a brief  view  of  the  leading  results  wliich 
they  obtained. 

1.  H'hen  two  rays^  polarised  in  the 
same  plane,  interfere  tciih  each  others 
the  phenomena  of  their  interference  are 
identically  the  same  as  with  two  rays  of 
common  light. 


This  law  may  be  easily  verified  by  re- 
peating the  experiment  in  Chap.  aII. 
p.  31,  in  polarised  instead  of  common 
light,  when  it  will  be  found  that  the 
fringes  polarised  by  interference,  and 
shown  in  fig.  34,  are  exactly  the  same  as 
tliere  representwl 

2.  Ttto  rays  of  light  polarised  at 
right  angles  to  each  other  exhibit  none 
of  the  phenomena  of  interference. 

In  order  to  prove  this,  M.  Fresnel 
bisected  a rhomlH>id  of  Iceland  spar,  so 
tliat  each  piece  at  the  line  of  bisection 
must  have  had  exactly  the  same  thick- 
ness. He  then  placed  the  one  aljove 
theotlier,  so  that  their  principal  sections 
Ibrmed  an  angle  of  90  . In  this  slate 
the  emergent  jiencils  will  only  lie  dou- 
ble, as  shown  at  F.^g-.  20.  These  two 
pencils,  therefore,  differ  only  in  being 
polarised  at  right  angles  to  each  other, 
and  when  any  body  is  placed  in  this  light 
no  phenomena  of  interference  are  visible. 

M.  Arago  obtainKl  the  same  result  by 
transmitting  light  diverging  from  a lu- 
minous point  through  two  fine  slits  in  a 
thin  piece  of  cop|H?r.  When  tlwse  slits 
were  \iewed  bv  a lens  in  the  manner 
employed  by  Fresnel,  the  fringes  pro- 
duced by  interference  were  distinctly 
visilde.  He  then  prepared  two  bundles 
of  jiieces  of  thin  mica,  or  films  of  blown 
glass,  by  dividing  one  bundle  into  two 
with  a sharp  cutting  instrument.  These 
bundles  were  placed  so  tl’at  they  could 
revolve ; and  when  they  were  so  arranged 
us  to  |X)!arise  liglit  in  parallel  planes 
distinct  fringes  were  produced  by  the 
slits,  in  the  same  manner  as  if  the  bundles 
of  mica  were  removed ; but  when  they 
were  placed  so  as  to  polarise  the  light  in 
rectangular  planes,  no  fringes  were  prt>- 
duced.  A still  more  elegant  and  con- 
vincing experiment  w as  employed  by  M, 
Fresnel.  He  placed  a film  of  sulphate 
of  lime  Ixjfore  two  narrow  slits.  Two 
images  of  each  slit  were  thus  producetl, 
which  may  be  called  R O,  R E,  and  L O, 
L E,  nr.  right  ordinary  ray,  right  extra- 
ordinary ray,  &c.,  according  as  they  come 
from  the  right  or  left  hand  slit  In  ob- 
ser\  ing  carefully  the  results  of  the  expe 
riment,  it  is  found  that  RO  and  LO, 
and  RK  and  L K,  similarly  polarised, 
pnxluce  by  their  interference  distinct 
fringes ; while  R O and  L E,  and  L O 
and  R E ]>ro<liice  no  fringes  at  all.  This 
experiment  admits  of  a l>eautiful  varia- 
tion by  bisecting  the  film,  andtuming  one 
half  a quadrant  round  in  its  own  plane ; 
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but  wc  have  uot  sptco  for  continuing  the 
subject. 

3.  Titx)  rayi  originally  polarised  in 
rectanguhtr  platiet  may  be  aflerttarde 
redact  to  the  tame  plane  of  polariea- 
iion,  without  acquiring  the  property  of 
interference. 

If  in  the  experiment  with  the  film 
of  mica  we  place  between  the  eye  and 
the  sheet  of  copper  a doubly  refract- 
iti*T  ciystal,  havimj  its  princii»l  section 
inclined  46^  to  either  of  the  {Janes  of 
polarisation  of  Die  interfering  {>encils, 
each  {pencil  will  lx;  divided  by  the  cr\’stal 
into  two  of  equal  intensity,  and  w ill  be 
polarised  in  two  rectangul^  planes,  one 
of  which  is  the  |>rincipal  section  of  the 
crystal.  In  tliis  state  of  things  there  are 
no  fringes  seen  in  the  union  of  li  O with 
L 0,  nur  in  that  of  L E with  R E. 

4.  Two  rays  polarised  in  ojrposite 
planes^  ami  afterwards  brought  into  si- 
milar stales  of  polarisationt  interfere 
like  common  light,  provided  they  Ite- 
long  to  a pencil,  the  tcholeof  which  was 
(triginally  polarised  in  one  and  the 
same  plane. 

5.  In  the.  phenomena  of  interference 
prttduced  by  douldy  refracted  rays,  a 
difference  qf  half  an  undulation  mutt 
in  certain  cases  os  admitted. 

The-so  two  Last  results  arc  deduced 
from  ex{M‘ritnents  analogous  to  those  al- 
ready described ; but  it  would  oocuiiy  too 
much  of  our  liinitetl  space  to  describe 
tliem  as  they  desenc.  We  must  there* 
fore  refer  tne  reader  to  Mr.  Herschel  s 
Treatise  on  Light,  Part  IV.,  ^ viii.,  No. 
960—973. 

The  doctrine  of  interference  was  first 
employed  by  Dr.  Y oung,  in  an  article  in 
t lie  Quarterly  Review  for  1814,  to  ex- 
plain the  colours  of  polarised  light.  In 
that  article  he  maintains  **  that  such  co- 
lours are  perfectly  reducible,  like  all  other 
oases  of  reourrent  colours,  to  the  generul 


laws  of  the  interference  of  light  which 
have  been  established  in  this  country  ; 
and  that  all  their  a{iporcnt  intricacies 
and  capricioiLS  variations  arc  only  the 
necessary  consequenoes  of  the  simplest 
application  of  these  laws.  They  are,  in 
fact,  merely  varieties  of  the  colours  of 
mixed  plates,  in  which  the  appearances 
are  found  to  resemble  the  colours  of 
simjJe  thin  plates,  when  the  thickness  is 
increased  in  the  same  proportion  as  the 
difterence  of  refractive  densities  is  less 
than  twice  the  whole  density : the  colours 
exhibited  by  direct  transmission,  corre- 
sponding to  the  colours  of  thin  plates 
seen  l)y  reflection,  and  to  the  extraordi- 
nary refraction  of  the  crv’staJline  sub- 
stances, and  the  colours  of  mixed  plates 
exhibited  by  indirect  light  to  the  colours 
transmitteif  through  common  thin 
{dates,  and  to  those  produced  by  the  or 
dinary  refraction  of  the  {x)larising  sub 
stances.”  According  to  these  views, 
colours  ought  to  he  {iroducod  in  common 
as  w ell  as  in  {X)larised  light,  and  it  was 
therefore  left  to  MM.  ProHnel  and 
Arago  to  show  how  the  production  of 
such  colours  was  dejwndent  on  the 
{>rimitive  {x>larisation  of  the  {)encil,  and 
Its  sub9e<]uent  analysis  before  entering 
the  eye. 

The  second  of  the  preceding  laws  ex- 
plwns  at  once  the  reason  why  no  colours 
are  exhibited  by  the  transmission  of  light 
through  a tliin  plate  {lossessing  double 
refraction.  Tlie  two  pencils  are  {x>larised 
in  omwsite  planes,  and  therefore  inca- 
pable of  jjroducingthe  periodical  colours 
by  their  interference. 

In  order  to  explain  how  the  |>olarised 
tints  are  produced  by  interference  in 
onlinary  cases,  let  us  take  the  case  shown 
in  fig.  21,  pp.  18,  19,  where  tlie  neutral 
axes  are  inclined  45®  to  the  plane  of 
primitive  iKilarisation. 

Ijct  R A,  Jig.  40,  be  the  polarised  ray 


Fig.  40. 
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inciJent  on  the  ciystallised  plate  M N, 
havinir  its  principal  section  or  one  of  its 
neutral  axes  inoline<l  -ts”  to  the  plane  in 
which  R A is  mlarised  Tills  ray  will 
be  divided  by  double  refraction  into  two 
rays  oppositely  polarised,  ct'».  tlie  extra- 
ordinary ray  C D or  E,  and  the  ordinary 
ray  B P or  O.  As  these  rays  differ  in 
velocity,  the  one  ray  will  be  behind  the 
other,  and  they  will  consequently  inter- 
fert>,  bein^  polarised  +45°  and  —45°  to 
the  plane  of  primitive  polarisation.  Let 
these  rays  be  now  received  on  a doubly 
refracting  prism  of  calcareous  spar  P Q, 
liavimi  its  principal  section  in  (lie  plane 
of  primitive  polarisation,  and  they  will 
be  aimin  doubled,  forminfr  the  four  pen- 
cUs  DL.  FK,  DH.  FG,  all  of  equal 
intensity,  of  which  H S and  G T are 
parallel,  and  L V,  K X.  The  compound 
pencils,  H G T S and  L K X V will  con- 
sist of  two  systems  of  ray,  O e and  E e, 
and  O o and  £ o,  the  one  of  each  system 
fbllowini;  the  otlier  at  a given  distance, 
tlie  (Ustance  lietween  O « and  E e lieing 
d,  and  by  law  5,  the  distance  between 
O 0 and  £ o being  undulation.  But 
as  each  of  the  rays  of  these  two  systems 
liave  similar  polarisations,  they  will  by 


law  1 , p.  38 , interfere  and  produce  the  com- 
plementary colours  corresponding  to  the 
intervals  d and  d+^  undulation.  If  the 
ray  R A is  polarised  in  a plane  at  right 
angles  to  what  it  was  in  the  preceding 
case,  it  will  suffer  exactly  the  same  di- 
vision ; but  the  intervals  of  retardation 
will  now  be  d— i undulation  and  d,  so 
tliat  tlie  two  pencils  will  exchange  co- 
lours, 

Chaftbr  XI. 

New  Spedet  of  Double  R^racHon  in 
Analcime. 

Tri  remarkable  mineral  called  AnaX- 
cime,  or  CubiziUt,  has  been  ranked  by 
mineralogists  among  those  which  liave 
the  cube  for  their  primitive  form  ; and 
hence,  if  this  were  the  case,  we  should 
expect  to  find  it  without  double  refrac- 
tion. By  attentive  observation,  however, 
no  distinct  cleavage  planes  can  be  ob- 
served, and  the  remarKable  optical  struc- 
ture of  tlie  mineral  confirms  us  in  tlie 
0{imion  that  its  crystallographic  struc- 
ture is  still  unknown. 

The  most  common  form  of  this  mine- 
ral is  the  icosatetrabedron  shown  in  fg. 
41.  This  solid  is  contained  by  twenty- 


Ffg.tl. 


four  equal  and  similar  trapezia,  and 
may  tie  coasidered  as  derived  from  the 
culie  by  three  truncations  on  each  of  its 
angles,  inclined  144°  44'  8"  to  each  of 
its  faces,  and  146°  26'  33"  to  one  an- 
other. 

If  we  suppose  the  original  cube  to  bo 
divided  by  planes  pasring  through  aU 


the  twelve  ifiagonals  of  its  six  faces,  it 
win  be  reduced,  as  shown  iny^g.  42,  into 
twenty-four  irregular  tetrahedrona  The 
same  planes  will  divide  the  icoatetrahe- 
dron,  fg.  41,  into  twenty-four  similar 
pentahedrons,  two  of  whose  planes  are 
placed  at  right  angles  to  each  other, 
naving  for  tluir  commcsi  section  one  of 
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Ng.  42. 


the  axes  of  the  solid,  while  a third, 
equally  inclined  to  those  two,  and  form- 
ing an  angle  of  45°  with  tlte  common 
section,  jmsses  through  the  centre  of  the 
icosatetrahedron.  The  other  two  planes 
of  the  pentahedron  are  halres  of  two 
of  the  adjoining  trapezia  which  form  the 
surface  of  the  general  solid. 

If  we  suppose  the  crystal  to  have  a 
cubical  form,  and  expose  it  to  polarised 
light,  incident  perpendicular  to  any  of  its 
faces,  we  shall  find  that  all  the  planes 
passing  through  the  diagonals  are  planes 
of  no  double  refraction  and  imlarisation, 
as  shown  in  Jig.  43.  The  black  lines  at 
right  angles  to  one  another  show  the 
planes  where  there  are  no  polarised 
tints,  and  the  intermediate  shades  repre- 
sent the  different  orders  of  colours  which 


Fig.  <3. 


of  course  depend  on  the  thickness  of  the 
crystal  This  effect  is  produced  when 
any  of  the  two  axes  of  the  cube,  or  those 
lying  in  a plane  perpendicular  to  the  po- 
larised ray,  are  inebned  45°  to  the  plane 
of  primitive  polarisation.  When  any  of 
these  two  axes,  however,  are  in  the  plane 
of  primitive  polarisation  the  tints  disap- 
jiear,  and  continue  invisible  while  the 
crystal  is  made  to  revolve  round  that 
axis ; but  wlien  the  axis  is  inclined  to 
that  plane,  tlie  tints  re-appear,  and  reach 
their  maximum  intensity  when  the  in- 
clination becomes  45°. 

In  order  to  convey  an  idea  of  the 
structure  of  the  complete  crystal  we  have 
represented  the  icosatetrahedron  in  /ig. 
44,  with  its  planes  of  no  double  refraction 
and  polarisation,  and  the  tints  of  the  in- 


Fig.  44. 


termediate  solids.  The  dark  shaded  lines 
represent  the  planes  ib  which  there  is  no 
double  refraction  and  polarisation,  and 
the  fainWr  shadings  represeht  the  tints. 
The  appearances,  however,  shown  in 


this  figure,  and  iny^.  43,  can  never  Ire 
seen  by  the  observer  at  once. 

The  tints  polarised  by  analcime  are 
those  of  Newton's  scale,  and  they  ape 
negative  in  relation  to  each  of  the  four 
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axes  of  the  ieosatetrahedron.  This  re- 
markable stnicture  produces  a distinct 
separation  of  the  orninary  and  extraor- 
dinary ima;^s  of  a minute  luminous  ob- 
ject when  the  incident  ray  passes  through 
any  pair  of  the  four  planes  which  are  ad- 
jacent to  any  of  the  three  axes  of  the 
solid.  The  least  refracted  image  is  the 
extraordinary  one,  and  consequently  the 
doubly  refracting  force  is  negative  in 
relation  to  the  axis  to  which  the  doubly 
refracted  ray  is  jx'iqiendicular. 

The  phenomena  of  the  lints  exhibited 
in  any  individual  sector,  COB,  Jig.  4J, 
Ffg.  4S. 


form,  and  every  fragment  of  a crystal 
however  minute,  possesses  this  axis,  and 
all  the  optical  properties  of  the  original 
crystal,  however  large.  The  property  of 
double  refraction,  in  short,  in  regularly 
ciystallised  substances,  resides  in  the 
ultimate  particles  of  the  body,  and  doi's 
not  depend  upon  tfie  mode  in  which  tlaiy 
are  aggregated  to  form  an  indlvidu^ 
crystal.  In  analcime,  on  the  contrary, 
we  have  planes  of  no  double  refraction, 
having  a definite  and  invariable  position, 
and  we  may  even  extract  a portion  of 
each  separate  pentahedron  which  has  no 
axis  at  all  *. 


have  no  relation  to  the  axis  of  the  icosa- 
tetraticdron  passing  through  O,  consi- 
dered as  an  axis  of  double  refraction. 
The  direction  of  ]xilarisation  of  every 
portion  in  each  sector  as  COB,  is,  on 
the  contrary,  pcrjicndicidar  to  the  line 
C B,  or  parallel  to  one  of  the  rectangu- 
lar axes  of  the  ieosatetrahedron  which 
is  ]x'rpcndicular  to  tlic  axis  passing 
through  O.  The  tint  at  any  jxiint,  ;i  for 
example,  does  not  depend  iipon  its  dis- 
tance p O,  from  any  point  U,  hut  U|xin 
its  distance  p tj,  from  the  nearest  plane 
of  no  polarisation  taken  i.i  a direction 
peqx'ndicular  to  C B.  Calling  T the 
tint  as  dcterminetl  by  experiment  at  any 
point  p whose  distance  P r,  taken  in  the 
manner  now  mentioned,  is  P,  we  shall 
have  the  tint  t at  any  otlx’r  point  p whose 
distance  7)  0 is  (I,  by  the  following  for- 
T<f» 

raiila,  the  thickness  of  the  crys- 

fal  being  supjwsed  eqiud  at  both  these 
I>oints.  One  of  the  most  important 
results  of  these  experiments  is  the  sin- 
gular distribution  of  the  doubly  refract- 
ing force.  In  all  other  crystals  in  which 
the  laws  of  double  refaction  have  l>een 
studied,  the  axis  to  which  the  doubly 
refracting  force  is  related,  has  no  fixecl 
locality  in  the  mineral.  It  is  a line  pa- 
rallel to  ft  given  line  in  the  primitive 


Chaptrr  XII. 

Circular  Pohrisatton  — i«  Quartz — 
Biffht  and  Lpft  handed  Quartz — Ma- 
giedral  Crystali — Both  them  struct 
itiret  united  in  Amethyst — Circular 
Doufile  lle/rartion — Circular  Polar- 
isation  in  Fluids. 

In  the  year  1811,  M.  Arago  observed 
alone  the  axis  of  quartz,  when  exj>osed 
to  polarised  litjht,  certain  colours,  which 
descefided  in  the  scale  when  tlie  doubly 
refractine  prism  by  which  the  eraenrent 
lipid  was  analysed,  was  made  to  revolve 
round  its  axis.  He  observed  also  that  the 
two  images  displayed  the  complementary 
colours.  In  this  state  of  tno  subjivt, 
M.  Biot  directed  to  it  his  particular  at- 
tention, and  was  enabled  to  analyse  the 
pht*noraena  with  his  usual  sagacity. 

We  have  already  seen  that  in  cr)*stals 
with  one  axis  the  system  of  rin^pj  is  tra- 
vei*scd  by  a bkek  cross  at  the  intersec- 
tion of  whose  rectangular  branches  there 
is  neither  double  refraction  nor  polarisa- 
tion, as  shown  in  21.  In  rock 

crystal,  however,  llie  black  cross  is  ob- 
literatetl  by  colours  which  till  up  the  first 
ring,  and  encroach  upon  the  rest,  as  shown 
in 46.  These  colours  vary  with  the 
thickness  of  tlie  plate  of  quartz ; but  tliey 
46., 


• S«*#  Kdinbar*h  TraouHrtion*.  rol.  r i.  pp. 
187—194,  when*  Dr.  BrMr»t«r  fir»I  d«fccrtb*a  |«t 
pbcuouieBa  coQtaineJ  is  Uu»  ebaptar. 
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nifffT  no  change  by  himing  the  plate 
round  its  axis. 

Let  us  now  suppose  the  plate  of  quart* 
to  be  placed,  at  I)  F E 6.  in  the  polarising 
a]iparatus  tdiown  in  yf/y.  39,  p.  36,  and 
let  us  suppose  that  to  an  eye  at  E the 
colour  in  the  centre  of  the  nngs  is  red. 
I.et  the  analysing  plate  C be  turned 
round  from  to  keeping  its  in- 
clination to  A G invariable,  and  the  red 
oolour  will  cliange  successively  \anrang$, 
yrltow,  green  and  enUt,  the  plate  C ac- 
quiring, as  it  were,  by  its  relation,  the 
power  of  reflecting  these  colours  in  suc- 
cession, a result  which  is  perfixitly  ex- 
plniiii-d  by  siqqiosing  ttrnt  the  rays  of 
each  of  those  colours  are  (lolaris^  in 
difl'erent  planes.  Upon  trying  various 
Specimens  of  quartz,  M.  Biot  found  seve- 
ral in  which  the  veiy  same  phenomena 
were  produced  by  turning  the  plate  C 
from  left  to  right.  ' Hence  in  refertnee 
to  tins  proiierty  some  specimens  of 
quartz  are  right  handed  and  others  left 
handed. 

In  order  to  analyse  thia  remarkable 
property  we  must  use  Viomogeneou*  light. 
Wlieii  this  is  done,  we  find  that  tlie  ray, 
yetluw,  (or  example,  is  reflected  by  the 
plale  C.  but  wlien  G is  turned  round,  file 
yellow  ray  becomes  more  and  more  faint, 
and  after  a eertain  angle  of  rotation  it 
disappeora  The  homogeneous  red  dis- 
ap|iears  at  a less  angle  of  rotation,  and 
tlie.  homogeneous  violet  at  a greater 
angle. 

By  employing  plates  of  quartz  of 
various  thicknesses,  M.  Biot  found  that 
for  the  same  ray  the  arcs  of  rotation, 
after  which  it  disappeared,  were  pro- 
portioned to  the  thicknesses  of  the 
plates ; and  tliat  in  the  same  plate  they 
were  redtirocally  proiiortional  to  tlie 
squares  of  the  lengths  of  their  flts  or  to 
the  squares  of  the  length  of  on  undula- 
Uoa 

Supposing  the  thickness  of  the  quartz 
to  be  one  millimetre  or  l-2Sth  of  an 
inch,  the  following  were  the  arcs  of  ro- 
tation for  tlie  different  rays. 

An  of  rotation  for  os# 
miUiiaelrr  of  iinartl. 


Extreme  red  . • 

. 170.4964 

Mean  red  , • . 

. 18.9881 

Limit  of  red  and  orange  • 

. 2U.4798 

Mean  orange  . . • 

. 21.3968 

Limit  of  orange  and  yellow 

. 22.3138 

Mean  ycUuw  • 

. 23.9945 

Limit  of  yellow  and  green 

. 25.6752 

Mean  green  . « 

. 27.8606 

limit  of  grecu  and  blue  . 

. 30.0460 

Mean  blue  • « 

. 32.3088 

Arc  of  rotatioa  for  0*4 
mlUiioetn  of  onarta. 

Limit  of  blue  and  iadtgo  • . 3t.5/17 

Mean  indigo  . » . 36.1273 

Limit  of  indigo  and  riolet  . 37 . 6829 

Mean  riolat  . . « 40.8828 

Extreme  violet  . . 44.0827 

From  these  curious  facts  it  follows  that 
polarised  light  transmitted  along  the  axis 
of  quartz  comports  itself  as  if  the  planes 
of  polarisation  of  its  different  rays  re- 
volved in  the  interior  of  the  crystal,  in 
some  crystals  from  left  to  r^t,  and  in 
others  from  right  to  left. 

If  we  combine  two  plates  of  right- 
handed  or  two  of  left-handed  quartz, 
the  deviation  of  tlie  plane  of  polarisation 
of  any  ray  will  be  equal  to  that  which 
would  be  producefl  by  a plate  whose 
thickness  is  equal  to  the  sum  of 
their  thicknesses ; but  if  we  combine  a 
plate  of  right-handed  with  a plate  of 
left-handed  quartz,  the  effect  will  lie 
equal  to  that  of  a plate  whose  thickne.ss 
is  equal  to  the  difference  of  their  tliick- 
nesses,  and  the  deviation  will  be  to 
the  right  if  the  right-lianded  plate  is 
the  thickest,  and  to  tlie  left  if  the  left- 
handed  plate  is  the  thickest.  If  the  two 
plates  are  equal,  the  lints  will  be  entirely 
obliterated,  and  if  their  axes  coincide  n- 
gorously,  the  black  cross,  thougli  oblite- 
rated in  each  of  them  separately,  will  air- 
pear  in  their  combination. 

In  examining  the  Amethytt,  Hr. 
Brewster  discovered  that  it  possessed 
Uie  power  in  the  some  s)]ecimun  of  turn- 
ing the  planes  of  polarisation  both  to  the 
left  and  to  the  right ; and  upon  a close 
iaspection,  he  found  that  tus  curious 
mineral  was  actually  composed  of  al- 
ternate layers  of  right  and  left  handed 
quartz.  This  singular  structure  is  seen 
by  cutting  a plate  out  of  a crystal  of 
amethyst,  by  planes  perpendicular  to  its 
axis ; and  when  such  a plate  is  ex)Hised 
to  polarised  light  in  the  apparatus /Jg.  39. 
it  has  the  appearance  shown'iny^.  47. 
Tlie  three  sets  of  veins  liere  represented 
corresjiond  to  tlie  alternate  faces  of  the 
Kg.  47. 
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nx-sided  pyramiiL  The  shaded  veins 
turn  the  planes  of  polarisation  from  right 
to  left,  while  all  the  intermediate  un- 
shaded vein;,  and  the  three  unshaded 
sectors  turn  the  planes  of  polarisation 
from  left  to  right.  The  line  or  narrow 
space  where  these  two  structures  meet, 
has  no  action  on  the  planes  of  polarisa- 
tion ; and  the  action  increases  on  each 
side  of  it  to  the  centre  of  the  shaded  veins 
where  it  is  a maximum.  Hence  it  is 
obvious,  that  the  amethyst  is  not,  in  the 
ordinaiy  sense  of  the  word,  a compound 
mineral,  in  which  dissimilar  faces  of  the 
crystal  are  brought  into  mechanical  coir- 
tact : for  in  this  ease  we  shoidd  have  a 
dark  line  of  junction,  and  the  intensity  of 
the  polarising  force  would  be  the  same  in 
every  pert  of  the  cbmbined  layers.  In 
the  present  case,  tire  right-handed  passes 
fprauttally  into  the  left-handed  potarisar 
Son,  and  there  is  no  apt^rance  whatever 
of  cleavage  in  the  direction  of  these 

ries.  We  must,  therefore,  consider 

amethyst  as  a mirteral  in  which,  like 
tire  analcime,  the  ether  is  distributed  in 
an  unustral  manner,  or  in  which  the 
stnreture  has  been  regulated  by  laws  of 
crystallisation  which  have  not  yet  been 
recognized  by  mineralogists.  In  some 
specimens,  these  op]>osite  layers  are  so 
ininute,  that  the  maximum  rntensity  of 
the  ton«  which  turns  the  plaites  of 
polarisation  is  nearly  redircra  to  no- 
thing, so  that  the  black  cross  in  the 
centra  of  its  rirrgs  is  seen  with  rtearly 
the  satire  distinctness  as  in  calcareous 
spar.  Hence,  in  the  veins  of  amethyst 
1 millimetre  thick  (l-25th  of  an  inch)  we 
find  them  of  very  different  intensities, 
the  are  of  rotation  for  the  mean  yellow 
rns^arying  from  0°  up  to  23°.9945. 

The  colouring  matter  of  the  amethyst 
is  arranged  in  a very  remarkable  man- 
ner in  relation  to  these  veins.  The  lilac 
lints  often  reside  in  tire  veined  atructrrre ; 
and  in  some  specimens  Dr.  Brewster 
foirnd  the  red  colouring  matter  arranged 
in  veins  corresponding  with  the  dark 
spaces  where  the  two  structures  meet. 
In  another  specimen  the  right-handed 
veins  were  li/ae,  the  left-handed  veins 
iroumish  red,  and  their  lines  of  juno- 
tlon  yeUmrish  tchite.  In  other  crystals, 
the  colouring  matter  affects  the  largest 
masses  of  the  crystal,  such  as  those  left 
white  in  fig.  47. 

When  an  amethyst  is  perfisctly  formed, 
its  struchire  is  symmetrical,  as  shown  in 
fig.  48,  which  represents  the  section  of 
part  tire  pyramid  and  part  of  the 


i^.48 


prism  of  an  amethyst  in  Dr.  Brewster's 
possession,  measuring  nearly  two  in- 
ches and  three-tenths  acros.s.  “On 
the  three  alternate  sides  of  the  prism." 
says  he,  “ viz.  M N,  O P,  an<l  Q R, 
are  placed  sectors  M c N,  O d P, 
Q a K,  which  are  divided  into  two  parts 
ly  dark  lines,  cd,  dd,  ad,  which 
separate  the  direct  structures  of  A,  C, 
and  E from  the  retrograde  structuns  of 
B,  D,  andF.  On  the  other  three  alicniate 
faces  of  the  prisms  are  ]>laced  the  three 
veined  sectors  McAaR,  NcArfO,  and 
PrfioQ,  which  meet  at  b in  angles  of 
120°,  and  consist  of  veins  of  o]iposite 
.structures,  alternating  with  each  other, 
and  so  minute,  that  in  many  places  the 
circular  tints  are  almost  wholly  extin- 
guished by  their  mutual  action.  The 
direct  sectors.  A,  C,  and  E,  are  all  con- 
nected tc^Uier  by  the  three  radial  veins 
b a,  he,  bd,  and  are  therefore  to  be  con- 
sidered as  the  expanded  terminations  of 
those  veins.  The  retrograde  sectors  B, 
D,  and  F,  are  expansions  of  the  first 
retiograde  veins  iK-xt  to  bdc.dba,  and 
abc;  and  the  lines  cd,  dd,  and  ad 
are  continuations  of  the  dark  or  neutral 
lines  which  separate  the  first  retrograde 
vein  from  the  direct  radial  veins. 

All  the  sectors  A,  B,  C,  D,  E,  and  F, 
are  of  a yellowish  brown  colour,  and  all 
the  rest  of  the  crystal  is  of  a pede  lilac 
coloiu-,  the  lilac  tints  being  arranged  in 
the  manner  previously  described.  The 
phenomena  which  I have  now  mentioned 
ns  existing  in  this  specimen  are  very 
common  in  the  amethyst ; and  I have 
never  yet  found  a specimen  in  which  the 
yellow  tints  were  not  confined  to  those 
prions  which  formed  the  expanded  ter^ 
minations  of  veins;  a fact  which  indi- 
cates that  this  would  have  been  the 
colour  of  the  crystal,  whether  its  actions 
were  direct  or  retrograde,  and  that  the 
hlao  eoloar  afleets  in  genmal  those  por- 
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tions  wliich  are  composed  of  opposite 
veins." 

In  a large  amethyst  the  veined  por- 
tions were  perfectly  colourless,  wliile  t he 
sectors  corresponding  to  McN,  &c. 

48,  were  of  a pale  yellow  colour,  and  m 
another  specimen,  one  half  of  which  was 
yellow,  and  the  other  lilac,  tlic  yellow  was 
otiviously  a portion  of  one  of  the  sectors ; 
while  the  lilac  portion  consisted  wholly  of 
alternate  veins,  so  minute  as'  to  destroy 
almost  wholly  tlie  rotatory  structure. 

The  property  of  guarU,  in  virtue  of 
which  it  produces  cucular  polarisation, 
was  supposed,  by  M.  Biot,  to  reside  in 
the  ultimate  particles  of  silex ; but  if  this 
were  the  case,  the  same  proprty  would 
be  possessed  by  silex  in  all  its  forms, 
which  Dr.  Brewster  found  not  to  be  tlie 
case,  after  a minute  examination  of  ojial, 
tabasheer,  and  other  siliceous  minerals. 
He  likewise  found  that  the  rotatory  iiro- 
iiert y was  not  possessed  by  quartz,  which 
liad  lieen  deprived  of  its  crystalline  struc- 
ture by  fusion ; and  Mr.  Herschel 
sought  for  it  in  vain  in  a solution  of 
silica  in  potash,  though  the  silex  previ- 
ously exhibited  circular  polarisation. 

Conceiving  that  this  property  might 
lie  related  to  some  crystalline  sfructure 
in  quartz,  Mr.  Herschel  examined  dif- 
ferent crystals  of  tlie  quar  tz  Plagiaire 
of  Hauy,  which  possesses unsymmetrical 
faces,  X,  X,  x,  x',  x',  xf,  (see  Jt/e.  10. 
p.  6,)  which  always  lean  in  one  uniform 
direction  round  the  summit  A,  but  some- 
times to  the  ri'gAt  and  sometimes  to  the 
le^.  Atler  an  examination  of  fifty-three 
different  crystals,  he  found  that  the  direc- 
tion in  which  they  turned  the  planes  of 
polarisation  was  invariably  the  same  as 
the  direction  in  wliich  the  ])lagiedral 
faces  X,  X,  leant  round  the  eiystal ; so 
that  even,  if  these  faces  were  microscopic, 
the  sight  of  one  of  them  would  enable 
us  to  predict  the  direction  of  rotation  in 
a plate  cut  from  it.  Hence  Mr.  Herschel 
concluded  that  whatever  be  the  eaute 
which  determines  the  direction  of  rota- 
tion, the  same  has  acted  in  determining 
the  direction  of  the  plagiedral  faces. 
Ai>atite  and  some  other  ciystalliscd  mi- 
nerals exhibit  also  plagiedral  and  unsym- 
metrical faces ; but  as  they  do  not  (xis- 
sess  circular  polarisation,  we  must  infer 
that  the  latter  is  not  a necessary  conse- 
quence of  the  structure  which  exhibits 
the  former. 

In  order  to  determine  if  the  colours  of 
circular  polarisation  were  produced  by 
the  interference  of  the  rays  formed  by 


double  refraction,  M.  Fresnel  made  the 
following  experiment.  He  took  a prism 
of  right-handed  quartz,  ABC,  tjig.  49,) 

Fig.  49. 
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having  its  faces  A B,  B C equally  in- 
clined to  R K,  the  axis  of  the  prism, 
along  which  the  circular  polarisation  is 
seen.  The  refracting  angle  ABC  was 
150°.  As  (he  ray  R R,  incident  at 
Q,  could  not  emerge  from  the  face  B C, 
he  cemented  on  the  faces  B A,  B C, 
two  halves  of  another  prism  exactly 
similar  to  the  first,  but  cut  from  a ciystal 
of  left-handed  quartz.  These  two  halves 
are  shown  at  A B E,  C B D,  and  are  dis- 
tinguished by  the  sign  — . As  the  ray 
RR  will  pass  through  all  these  throe 
prisms  in  a line  parallel  to  their  axes  of 
double  refraction,  it  cannot  Ire  separated 
into  two  by  the  ori nary  refracting  forces ; 
but  if  it  is  influenced  iiy  anoUier  doubly 
refracting  force  belonging  to  circular 
polarisation,  it  will  be  first  divided  into 
two  mmcils  by  the  left-handed  prism 
A E B : but  w hen  these  two  pencils  enter 
the  right-handed  prism  ABC  at  Q,  their 
angular  separation  will  be  doubled,  owing 
to  the  prism  ABC  having  an  opposite 
circularly  polarising  structure.  When 
the  two  rays  come  to  P,  and  enter  the 
prism  BCD,  their  angular  separation 
will  Ixi  again  doubled,  so  that  the  ray  will 
finally  emerge  in  two  pencils.  By  Uiis 
ingenious  contrivance,  M.  Fresnel  suc- 
ceeded in  separating  the  two  pencils 
jiroduccd  by  the  force  of  circidar  polari- 
sation. 

Wfien  either  of  these  pencils  is  ex- 
amined by  a doubly  refracting  prism, 
it  is  doubled  like  common  light,  and  none 
of  the  two  pencils  ever  vanish  during  the 
revolution  of  the  douldy  refracting  prism ; 
but  that  tliey  differfrom  common  light  M. 
Fresnel  proved  by  the  following  experi- 
ment ; tfig.  50.)  If  the  two  pencils  R P 
produced  along  the  axis  of  quartz  are 
made  to  fall  peqiendicularly  on  the  face 
A B of  a parallelopiiied  of  crown  glass, 
A B C D,  whose  refractive  index  is  1.5 1, 
and  whose  angles  ABC,  ADC,  are 
each  544°,  thev  will  suffer  total  reflec- 
tion .at  (}  and  S,  and  will  emerge  in  the 
direction  S T.  The  two  emergent  jicncjla 
will  now  be  found  eonyplctely  polarised. 
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the  one  in  an  azimuth  45®  to  the  riRlit 
of  the  plane  of  reflexion,  and  the  other 
45®  to  the  left.  . , 

If  one  of  the  two  circularly  ralansin^ 

rays  is  transmitted  through  a thin  cry^ 

tallised  film,  and  parallel  to  its  axis,  it 
will  be  divided  by  the  double  refraction 
of  the  film  into  two  pencils,  exhibiting 
the  complementary  colours ; and  these 
colours  differ  by  an  exact  quarter  of 
a tint,  or  onler,  from  those  that  would 
have  been  prixluceil  by  the  same  film 
with  common  polarised  light. 

M.  Fresnel  had  the  good  fortune  to 
discover  another  method  of  producing  a 
pencil  possessing  all  the  properiies  of  one 
of  those  formed  along  the  axis  of  quartz. 
He  allowed  a common  polarised  ray,  K f, 
(fii'.  50)  to  suffer  two  total  reflexions  at 
Q "and  S in  a glass  parallelopiiied : then 
if  the  plane  of  reflexion  P 0 S is  m- 


Fig.  50. 


clincd  45®  to  the  plane  of  primitive  polari- 
sation of  the  rav  H P,  it  will  emerge  at 
T,  posses.sing  all  the  projicrtics  of  one  of 
the  rays  formed  along  the  axis  of  quartz. 


Circular  Polaritaiion  of  Fluids. 

the  sonie  bme  in  certain  fluids^  Fr^i  rt^d  to  left,  and  otheA  from  left 
possessed  it  in  a feeble  dw-  ..|j  j to  right]  The  following  Table  shows  the 

to  Lffts 

Rock  cr)*9lal  . • + 

Oil  of  turpentine  . *+* 

Ditto  another  kind  I • + 

Ditto  purified  by  repeated 
distillation  • + 

Solution  of  17^3  parti  of 
artificial  camphor  in  17359 
of  alcohol  + 

Kssenlial  oil  of  laurel 
Vapour  of  turpentine 


Arc  of  RolAtlonfor 
1 mUllmolro  of  thirkow*. 

18M14 
0.271 
0.251 

0.286 


Lefl  to  Right.  Arc  of  Rotation  for 

1 millimetre  of  thirknaso. 

Rock  crysUl  . • — 18^414 

Kssenlial  oil  of  lemons  — 0.436 

Concentrated  aynip  of  sugar  — 0.554 


0.018 


M.  Biot  found  that  when  oil  of  turpen- 
tine was  mixed  with  sulpliurie  other, 
which  has  not  the  rotatory  property,  it 
gave,  when  mixed,  the  very  same  tints 
which  it  would  have  produced  alono  in 
the  same  tube ; and  that  when  a right- 
handed  was  mixed  with  a left-liniided 
fluid,  in  quantities  reciprocally  projwr- 
tional  to  the  intensity  of  their  action,  they 
neutralised  each  other.  He  hkevvise 
found  that  oU  of  tuiixmtinc  required  to 
have  a tliickness  of  68^  millimetres  to 
give  the  same  polarised  tint  as  a single 
inilUmetre  of  quartz ; that  a thickness  of 
3.8  millimetres  of  oU  of  lemons  was  eqiial 
to  ft  thicktiess  of  66  millimetres  of  oil  of 
turpentine,  and  that  a thickness  of  4^ 
milhmetTes  of  concentrated  syrup  of 


sugar  was  equal  to  one  millimetre  of 
quartz. 

The  very  remarkable  phenomena  above 
descril)ed  raiiiht.,  at  first  siijht,  he  attri- 
buted  to  certain  polarities  in  the  iiarticles 
of  fluids,  in  virtue  of  which  they  assufiic 
some  regular  arrangement  analogous  to 
that  of  crystalline  structure ; but  Dr. 
Brewster  has  remarketl  that  this  cannot 
be  the  ca.se,  6ir  the  same  phenomena  are 
seen  in  whatever  direction  the  polarised 
ray  is  transmitted  through  the  fluid,  so 
that  the  stnictiire  of  the  particles  of  a 
circularly  polarising  fluid  roust  be  exactly 
the  same  dong  every  one  of  its  diame- 
ters, that  is,  the  structure  must  be  sym- 
metiical  round  the  centre  of  the  particle^ 
or  a structure  analogous  to  tliat  which 
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taJ(P5  plnee  in  common  polarisntion, 
when  a sphere  of  glass  has  its  density  re- 
gularly inrreasing  or  regularly  diminish- 
ing towards  its  centre. 

Craptkr  XIII. 

Almrplhn  qf  Light  in  Doubly  Refract- 
ing Cryilalt  — Lift  of  absorbing 
Crystals  trilh  one  Axis — List  of  ab- 
sorbing Crystals  tcith  two  A res — Pro- 
perties  of  Dirhroits — Influence  of 
Heat  in  modfying  the  Absorption  of 
Light  by  Crystals. 

Evkry  substance,  however  transparent, 
possesses  tlie  property  of  absorbing  a 
portion  of  tlie  light  which  falls  upon  it*; 
and  the  quantity  of  light  absorWl  by 
homogeneous  fluids  and  solids  that  have 
single  refraction  is  the  same,  whatever 
be  the  direction  in  which  the  ray  is 
transmitted.  In  doubly  refracting  crys- 
tals, however,  the  absorption  is  of  a dif- 
ferent kind.  They  not  only  possess  the 
power  of  absorbing  light  like  other 
1101111“;,  but  they  possess  another  absorp- 
tive force  which  is  related  to  the  axis  of 
the  crystal,  and  intimately  connected 
with  its  doubly  refracting  and  polarising 
forces.  In  order  to  amuyse  this  pheno- 
menon, Dr.  Brewster,  who  discovered  this 
property  in  crystals,  took  a rhomb  of 
yellow  carbonate  of  lime,  of  such  a 


thickness  as  to  give  two  distinct  and 
sejiarate  images  of  a small  circular  aper- 
ture placed  before  it  and  illuminated  with 
white  light  In  this  case,  he  found  that 
the  two  images  ditfered  both  in  colour 
and  intensity,  the  extraordinary  imago 
having  an  orange  yellow  hue,  while  tlw 
colour  of  the  ordinary  image  was  a yel- 
lowish white.  Along  the  axis,  the  two 
images  had  the  same  colour  and  inten- 
sity ; at  different  inclinations  to  the  axis, 
the  difference  in  the  colour  and  intensity 
of  the  two  pencils  increased,  and  was  a 
maximum  at  90“  When  the  two 
images  were  made  to  overlap  at  dif- 
ferent inclinations  with  the  axis,  their 
combined  colour  was  always  the  same, 
and  was  of  course  the  same  with  the 
natural  colour  of  the  mineral,  which  ap- 
peared to  be  the  same  in  ail  direc- 
tiona  When  the  rhomb  is  exposed  to 
polarised  light,  the  following  effects  are 
produced.  In  the  position  where  the  ordi- 
nary image  O vanishes,  the  cxtraortli- 
nary  image  E is  orange  yellow,  exactly 
the  same  as  it  ajipear^  by  common 
light:  and  in  the  jiosition  where  E 
vanishes,  O is  a yellowish  white  as  before. 

The  property  now  described  was 
found  by  Dr.  Brewster  in  the  following 
cry'stals  with  one  axis,  in  most  of  which 
the  two  images  O and  E exhibited  two 
different  colours. 


List  of  Crystals  with  one  Axis  that  absorb  different  Colours. 


lor  wfieo  {(•  pHneipa)  sMtkw  it  in 
plnnr  of  primitire  PolnnantioOs 
, Brownish  white  , 

• Yellowish  ^reen  , 

, Pule  yellow  , 

• Yellowisn  preen  . 

• Bluish  green 

. Bluish  white  . 

• Whitish  a , 

a Pale  yellow  • , 

nt  Whitish  . . 

, Yellowish  white 

• Blue  . • 

. Greyish  white  . 

• ReHdish  yellow  . 

. (Jreenith  white  » 

• Reddish  white  . 

. Yellow  . • 

, Yellow  . t 

• Bluish 

• Bluish  grocn 

. Bright  green  • . 

• Orange  yellow  • 

, Whitish  brown  • 


Colotir  whftn  iu  prinrtpel  ■eetice 
is  perpeadioalar  to  ^UabCs 
. A deeper  brown 

• Blue 

. Bright  pink 
, Bluioh  green 
, Yellowish  green 
. Blue 

. Bluish  green 

• Pale  green 

. Faint  brown 
. Yellow 
• Pink 
Ruby  red 
• . Ruby  red 

. Bluish  green 
. Faint 
. Green 
, BluUh  white 

• Rciidi&h 

. ^'cllowish  green 
, Orange  yellow 
. Yellowish  white 

• Yellowish  brown 


The  absorptive  property  is  not  pos-  conlaiiKHl  in  the  preceding  list.  Even 
•eased  by  evci^  specimen  of  Uic  minerals  wlien  tlH*y  liave  the  same  colour  as  those 
I above  described,  tlic  ordinary  and  cx* 

• Sm  Optie*,  sUp.  six.  p.  07*  traonUnary  peacUs  which  they  produce 
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luive  gomelimes  ftie  very  same  tint,  and 
they  exhibit  no  peculiarities  in  tlieir  ab- 
sorptive nroperties  vrhen  exposed  to 
polarised  iit^ht. 

Some  of  the  preceding  crystals  exhi- 
bit different  colours,  even  when  common 
light  is  transmitted  in  directions  parallel 
and  perpendicular  to  their  axes.  A spe- 
cimen of  sapphire  had  a det^p  blue  co- 
lour in  one  direction  and  a yellotvish 
green  in  the  transverse  direction.  Tour- 
maline is  often  green  along  the  axis,  and 
of  a deep  red  in  a transverse  direction  ; 
and  Mr.  Ilerschel  has  mentioned  a va- 
riety of  sub-oxysulphate  of  iron,  which 
is  of  a light  green  colour  across  the 
axis,  while  in  the  direction  of  the  axis 
its  colour  is  a deep  blood  red,  .so  intense 
that  a thickness  of  l-20th  of  an  inch 
scarcely  allows  any  light  to  pass.  The 
potash  muriate  of  j^adiuin  was  ob- 
served by  Dr.  Wollaston  to  be  of  a deep 
red  along  the  axis,  and  a vivid  green  in 
a transverse  direction. 

The  phenomena  of  absorption  in  ^s- 
tals  wiu  two  axes  are  extremely  inte- 
resting. The  two  colours  which  appear 
in  the  ordinary  and  extraordinary  pen- 
cils are  seen  diverging  from  the  resultant 
axes  when  exposed  to  common  light, 
as  shown  in fig.  i I , which  represents  the 
phenomena  in  lolite  or  Dichroite. 


Kg.iU 


This  mineral  crystallises  in  six  or 
twelve-sided  prisms,  which  appear  of  a 
deep  blue  colour  when  seen  uong  the 
axis,  and  of  a ycllowith  brown  when 
seen  in  a direction  perpendicular  to  the 
axis  of  the  prism. 

If  abed.  Fig.  52,  is  a section  of  a 
prism  of  iolile  by  a jdane  passing  throiu;h 
the  axis  of  the  pnsm,  the  transmitted 
light  will  be  blue  throiyjh  the  faces  a b, 
and  d e,  and  yellotcith  broum  tlnough 
ad.be,  and  in  every  direction  pcrpeuidi- 
cular  to  the  axis  of  the  prism.  If  we 
grind  down  the  angles,  a,  c,b,d  so  aa  to 


replace  them  with  faces  m n,  m'  n',  and 
op,  o'j/,  inclinc-d  31°  41'  to  a if.  or  to 
the  axis  of  the  prism  ; then,  if  the  plane 
abed  passes  through  the  resultant  axis 
of  double  refraction,  we  shall  observe, 
by  transmitting  polarised  light  through 
the  crystal  in  the  directions  ac,  bd,  and 
subsequently  analysing  if,  a system  of 
rings  round  each  of  these  axes.  The 
system  will  exhibit  the  individual  rings 
veiy  plainly  if  the  crystal  is  thin ; but  if 
it  is  thick,  we  shall  observe,  when  the 
plane  abed  is  perpendicular  to  the 
plane  of  primitive  polarisation,  mme 
branches  of  blue  and  white  light,  di- 
verging in  the  form  (f  a cross  from  the 
centre  cf  the  system  of  rings,  or  the 
poles  of  no  polarisation,  as  shown  at 
h and  p',  fig.  61,  where  the  sluuled 
branchu  represent  the  blue  onea  Tlie 
summits  of  the  blue  masses  at  p and  p* 
are  tipped  with  purple,  and  are  sepa- 
rated by  whitish  light  in  some  speci- 
mens and  yellowish  light  in  otiicrs. 
The  white  light  becomes  more  blue  from 
p andp'  to  0,  where  it  is  quite  blue,  and 
more  yellow  from  p and  p to  o and  d, 
where  it  is  completely  yellow.  When 
the  plane  abed  is  in  the  plane  of  pri- 
mitive polarisation,  the  poles  p p'  are 
marked  by  spots  of  white  light,  but 
everywhere  else  the  light  is  a deep  blue. 

In  the  plane  eadb.fig,  a,  the  mi- 


Fig.  52, 


neral,  when  we  look  through  it  at  com- 
mon light,  exhibits  no  other  colour  but 
yellow,  mixed  with  a small  ejuantity  of 
blue,  polarised  in  an  opposite  plane. 
The  ordinary  image  at  e and  d is  yellow- 
ish brown,  and  the  extmordinary  image 
faint  blue ; the  former  acquiring  some 
blue  rays,  and  the  latter  some  yellow 
ones  from  c and  d to  a and  b,  where  tlie 
difference  of  colour  is  still  highly  marked. 
From  a and  b towards  p and  p'  the  yel- 
low image  becomes  fainter,  till  it  changes 
into  blue,  and  the  weak  blue  image  is 
reinforced  by  other  blue  rays  till  the  in- 
tensity of  the  two  blue  images  is  nearly 
equal.  The  faint  blue  image  increases 
in  intensity  as  the  incident  ray  ai> 
proaclies  from  c and  d to  p and  p,  and 
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Ihe  yellow  one,  ncquirinc;  an  accc>ision  warvls  o,  where  they  are  both  almost 
of  bine  lieht,  become>i  bluish  white,  equally  blue. 

From  p and  p'  to  o,  the  ordinary'  imas;e  The'  followintr  Table  contains  the  crys- 
is  whitish,  and  the  other  deep  blue ; but  tals  with  two  axes,  in  which  Dr.  Brew- 
the  whiteness  gnuhudly  diminishes  to-  ster  discovered  the  absorptive  proyierty. 


Lint  of  abtorbing  CryttaU  with  Two  A res. 


ritnp  of  thf  R«nlt*nt  « 
Names  of  Cry^talfs  the  plmnr  of  Primitit 

PalarisaUua. 


Topaz  blue  . . 

White  . , 

green 

While 

— l^reyish  blue  . 

Kedtlish  grey  , 

- — ■ pink 

Pink  . 

■ pink  yellow  . 

Pink  . • 

— yellow  . , 

Yellowish  white 

Sulphate  of 

..  yellomuh  purple 

Ix^mon  yellow  • 

. ■ ^ . yellow  , 

Lemon  yellow 

. ■ — orange  yellow 

Gainl>oge  yellow 

Kyanite  . • . 

White  • • 

Dichroitc 

Blue  , . 

Cymophanc  . . 

Yellowish  white 

Epidotc,  olirc  preen  , 

Brown 

- " ' whitish  green 

Pink  white  « 

Mica  . . 

RedJish  brown 

in  Plane  of  Re«4iUaDt  aae«  perpaniio 

> eular  to  thepUneof  PnEmiiro 

Polarisatios. 

• • niuc 

. • Green 

. • Blue 

• • White 

• • Yellow 

. . Orange 

• . Purple 

. • Yellowish  while 

• • Yellowish  white 

• , Blue 

• • Ycllouish  while 

, , Yellowish 

, , Sap  green 

, . Yeliowish  white 


The  same  author  has  piven  (Phil. 
Trans.  1819,  p.l9)  a list  of  various  other* 
cry.stals  which  possess  the  property,  but 
our  limits  will  not  permit  us  to  pursue 
the  subject  any  farther. 

The  influence  of  heat  in  modifying  the 
absorptive  action  of  ciystals  he  found  to 
be  very  remarkable.  Having  selected  sc- 
veral  crystals  of  Brazilinn  topaz  which 
displt^^nl . no  change  of  colour  by  expo- 
sdre  to  polarised  light,  be  brought  them  to 
a red  heat,  and  thus  communicated  to 
them  the  power  of  absorbing  polarised 
light  He  then  took  a topaz  in  which  one 
of  its  jiencils  was  yellow  and  the  other 
pink.  A red  heat  acted  more  powerfully 
upon  the  cxtraonlinarv  pencil  than  upon 
the  ordinary  one,  discliarging  the  yellow 
colour  entirely  from  the  one,  ana  pro* 
ducing  only  a slight  change  on  the  pink 
tint  cf  the  other.  When  the  tojiaz  was 
hot,  it  was  perfectly  colourless,  and  ac- 
quired the  pink  tint  gradually  while  cool- 
ing. Dy  exposing  it  rojK-atedly  to  the 
action  of  a very  intense  heat,  he  was  un-* 
able  either  to  modify  or  remove  this 
permanent  tint 

From  several  experiments  which  have 
not  yet  been  published,  Dr.  Brewster  has 
discovered  tliat  the  colouring  matter 
itself,  iKith  in  cry.stals  with  one  and  two 
oxes,  possesses  the  property  of  double 
lefmction  — that  this  matter  exhibits 
hemitropism  in  crystals  that  are  not 
themselves  comixnind — and  tliat  the  co- 
louring matter  has  in  some  rare  cases 


two  axes  of  double  refracUon,  while  the 
crystal  itself  has  only  one.  The  prose- 
cution of  this  curious  subject  is  likely  to 
throw  much  light  on  the  constitution  of 
bodies. 

For  an  account  of  various  interesting 
phenomena  relative  to  the  distribution 
of  the  colouring  matter  in  lojiaz.  the 
reader  is  referred  to  the  Transactions  of 
the  Cambridge  Philosophical  Society, 
vol.  ii. — See  Sso  Chap.  XVI. 

Chapter  XIV. 

Double  Ilefraciion  cnmmumcnied  to 
Glass  by  Heat — to  Cylinders — Hec^ 
faUjgM/ar  Plates-^Chrnmatic  Thermo^ 
meler^Effects  of  Crossed  Plates — 
Sji/icres  of  Glass  — Tubes  — Unan- 
fjfitded  plates  of  Glass — Effects  of 
altering:  their  Form — Chromatic  f>r- 
nier — Dotible  Refraction  produced 
by  Induration — llenses  of  Fishes. 

The  various  phenomena  described  in  tbo 
preceding  chapters  were  asiTrilied  to 
some  unknown  stnicture  in  the  bodies 
Vhich  produocnl  them ; and  it  was  never 
even  imagine<l  that  the  )X)wer  of  pro- 
ducing double  refraction  could  lie  com- 
municated artificially  to  glass  and  other 
bodies.  On  the  8th  April  1 814,  Dr. 
Brewster  communicated  to  Sir  Joseph 
Banks  the  remarkable  fact  that 'double 
refraction  could  be  imparted  to  gla.ss 
by  the  transient  passage  of  heat  through 
its  substance,  and  the  letter  contain- 
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big  this  bet  \ras  read  at  the  Royal 
Society  on  the  19lh  of  May  of  the  same 
year.  This  letter  was  followed  by  a 
series  of  papers  containing  an  elaborate 
inquiry  into  the  laws  which  regulate 
this  new  class  of  optical  phenomena. 
A brief  and  general  view  of  these  facts 
will  constitute  the  subject  of  this  chap- 
ter 

I.  On  Cylindert  of  Qlait  with  one 
axit  of  double  refraction. — If  we  take 
a cylinder  of  glass  about  lialf  an  inch 
thicic  and  an  inch  in  diameter,  and  trans- 
mit heat  from  its  circumference  to  its 
centre,  it  will  exhibit  when  exposed  to 
polarised  light  in  the  apparatus,  fig.  39,  a 
system  of  rings  traversM  by  a black  rect- 
angular cross  exactly  like  tnose  shown  in 
fig.  2S  ; and  by  turning  round  the  analys- 
ing plate,  C,  90“  we  shall  see  the  comple- 
mentary set  shewn  in  fig.  26.  As  the 
cylinder  must  be  held  at  a distance  of  at 
least  six  inches  from  the  eye,  the  rings 
and  cross  will  appear  as  it  were  in  the 
interior  of  the  glua  If  we  cross  the 
rings  with  a plate  of  sulphate  of  lime,  we 
shiul  find  that  they  exhibit  the  same  phe- 
nomena as  the  rings  formed  by  calcar 
reout  spar,  and  therefore  the  double  re- 
traction is  negative,  or  repulsive.  When 
the  heat  is  umformly  distributed  over  the 
glass,  the  system  of  rings  entirely  disap- 
pears, and  the  douhly  refracting  struc- 
ture no  longer  exists. 


If  the  same  cylinder  of  glass,  when 
cold,  is  immersra  in  boiling  oil,  or 
equally  and  strongly  heated  in  any  otlier 
way,  and  is  made  to  cool  rapidly  by  ap- 
plying a cold  and  good  conductor  to  its 
circumference,  it  will  exhibit  a similai 
system  of  rings  which  will  also  disappear 
when  the  glass  returns  to  an  umform 
temperature.  This  system  of  rings, 
however,  is  poeitive,  like  those  produrad 
by  zircon  and  ice. 

By  comparing  the  value  of  the  tints 
with  their  distances  from  the  axis  of  the 
cylinder.  Dr.  Brewster  found  that  if  T 
is  the  tint  corresponding  to  any  distance 
D,  / the  tint  corresponding  to  any  other 
distance,  d,  it  will  be  thus  expressed  ; 

Td* 

< = -^,  that  is,  f/i«  co/ue*  of  the  tints 

vary  at  the  equaret  of  their  diiiancee 
from  the  axis  of  the  cylinder. 

If  the  polarised  light  is  transmitted 
through  tfe  circumference  of  the  cylinder 
when  the  system  of  rings  is  complete, 
a system  of  fringes  will  lie  seen  parallel 
to  the  base  of  tlie  cylinder,  and  similar 
to  those  which  are  next  to  be  described. 

2.  On  Rectangular  Plates  of  Glass 
tcith  two  series  of  axes  of  double  re 
fraction. — Take  a well  annealed  rect- 
angular plate  of  glass,  E F C D,  fig.  S.1, 
which  exhibits  no  tints  whatever  when 
examined  in  tlie  apparatus,  fig.  39,  and 
place  its  edge  CD  on  a bar  of  iron  AB 


Fig.  53. 


nearly  red  hot.  Let  the  glass  plate  resting  which  there  is  neither  double  refraction 
on  the  iron  be  placed  at  D E,  myfg.  39,  so  nor  polarisation.  Between  MN  and 
that  the  polarised  light,  A C,  may  pass  O P the  double  refraction  and  polarisa- 
throiigh  every  part  of  it.  Tlie  moment  tion  is  negative,  like  that  of  cmcareous 
that  the  heat  of  the  iron  enters  the  sur-  spar,  while,  on  the  other  side  of  MN  and 
face  C D,  fringes  of  brilliant  colours  O P,  the  double  refraction  is  positive. 
will  be  seen  parallel  to  C D,  and  nearly  Similar  fringes  are  seen  through  the 
at  the  same  instant,  and  before  a tingle  thickness  of  the  plates  and  also  in  the 
particle  of  heat  has  reached  the  ujtper  direction  of  tlieir  lengths.  When  the 
edge  EF,  orerenab,  similar  fringes  plate  of  glass  is  of  a square  form,  as  in 
uill  appear  at  the  edge  E F.  Light  at  fig.  54,  and  the  thickness  tlu-ough  which 
first  white  and  then  yellow,  orange,  &c.,  the  polarised  light  passes  about  onc-lhird 
will  appear  at  a b,  and  these  colours  will  the  length  of  one  of  the  sides,  tlie  tints 
be  separated  from  the  other  two  sets  of  have  the  form  shown  in^.  54. 
fringes  by  two  dark  lines  M N,  O P,  in  When  the  thickness  is  increased  so  as 
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Fif^.  54. 


to  be  dbout  three  limes  that  of  a b,Jig.  55, 
the  tiftts  have  the  form  shown  in  fig.  55. 

Figx  55. 


A B 


C D 


In  nil  these  cases  beautiful  complement 
tary  systems  of  fringes  are  produced  by 
causing  the  plate  C.  Jig.  39,  to  revolve 
90°;  but  we  cannot  find  room  for 
figures  of  these  phenomena,  of  the  beauty 
of  which  it  is  impossible  to  form  any 
idea  without  coloured  drawings.  When 
the  heat  is  uniformly  distributed  over 
these  plates  of  glass,  the  colours  all  dis- 
apwar. 

The  tints  in  all  these  phenomena  arc 
similar  to  those  polari.sed  by  crystallised 
bodies,  and  are  regulated  by  the  very 
same  laws,  muiaits  mutandis. 

By  comparing  the  values  of  the  tints 
with  their  distances  from  the  central 
line  a 5,  of  the  plate  in  Jig.  53,  Dr. 
Brewster  found  tfiat  they  were  repre- 
sented by  the  following  formula,  founded 
on  the  supposition  of  two  series  of  rect- 
angular axes.  Let  d be  the  distance 
from  a 6 of  the  point  at  which  the  tint 
t is  required,  T the  maximum  tint  in  the 
centre  a 6 of  the  plate,  and  D the  dis- 
tance of  either  of  the  black  lines  M N, 

O P from  ab  : then  f=T— The 

Td» 

term  represents  the  tint  which 

would  be  produced  by  the  principal  axis 
per])endicular  to  the  plate,  and  passing 
through  its  centre ; out  as  the  axis  in 
the  plane  of  the  plate  would  produce  an 
uniform  lint,  T,  in  every  part  of  the  plate, 
which  acts  in  opposition  to  the  other  lint, 
the  real  lint  / wul  be  equal  to  tlje  differ- 
Td* 

ence  of  these,  ortoT — or,  making 

T and  D equal  to  unity,  we  have 
< = I — <#», 


In  order  to  find  the  tint  at  any  point 
in  terms  of  the  shortest  distance  of  that 
jwint  from  tlie  lines  of  no  double  refrac- 
tion MN,  OP,  let  I,  y be  the  distances  of 
the  point  from  MN,  OP : then  since  d is 
the  distance  of  that  point  from  the  central 
bne  a b,  we  have  1 = 1 — d,  V=\  — d.  and 

= 1 — d*:  that  is,  the  tint  t aicutypoini 
varies  as  the  product  of  the  distances 
oj  that  point  from  the  lines  of  no  double 
refraction.  CalUng  v the  velocity  of 
the  extraordinary  ray,  and  V that  of  the 
ordinary  ray,  we  shall  have  v = -i-  ditf 

a formula  which  represents  the  extra- 
ordinary refraction  in  rectangular  plates 
of  glass.  In  circular  plates  the  exi)res- 
sion  will  be  v=  ^ V*-bal*. 

If  the  plate  of  glass,  highly  and 
uniformly  heated,  is  )>laced  upon  a cold 
piece  of  iron  A B,  it  will  exhibit  'similar 
fringes ; butthe  double  refraction  between 
MN,  OP,  will  now  \)C  positive,  and  the 
extreme  fringes  negative : and  in  tins 
caser=  V*— all'. 

Analogous  effects  are  produced  in 
plates  of  rock  salt,  fluor  spar,  obsidian, 
seraiopal,  rosin,  coital,  amber,  &c. 

As  the  heat  of  the  hand  is  sufficient 
to  develope  a faint  system  of  fringes  in 
a plate  of  glass,  the  number  of  fringes 
and  tints  maybe  increa-sed  indefinitely  by 
increa.sing  the  number  of  plates,  and 
hence  the  foundation  of  Dr.  Brewster's 
Chromatic  differential  Thermometer,  by 
which  differences  of  heal  may  be  mea- 
sured by  the  numerical  value  of  the  tints 
produced  by  a bundle  of  glass  plates. 

3.  On  the  effects  of  combining  and 
crossing  Rectangular  Plates  of  Glass. 
W^hen  two  positive  or  two  negative 
rectangular  plates  of  glass  arc  combined, 
so  that  the  lines  m n,  o p,  fig.  53,  are 
parallel,  the  combination  will  be  positive 
or  negative  according  to  the  character 
of  the  individual  plates,  and  the  tints  will 
be  equal  to  what  would  have  been  pro- 
ducea,  by  using  a plate  equal  to  the  sum 
of  their  tliieknesses ; when  a negatme 
and  positive  plate  are  similarly  com- 
bined, the  effect  will  be  equal  to  the  dif- 
ference of  their  action.  If  their  actions 
are  equal,  tlie  effect  of  the  combination 
will  l>e  to  destroy  the  double  refraction 
altogether. 

If  two  negative  or  two  positive  rect- 
angular plates  arc  crossed,  as  in  fg.  56, 
the  tints  in  the  square  of  intersection 
are  raised  where  the  negative  crosses 
the  positive  structure,  and  depressed 
where  Uie  negative  crosses  the  negative. 
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Fig.  56. 


or  (lie  positive  the  positive  structure. 
By  iletermining  tlie  tint  at  any  given 
])oint  in  e.ich  plate  l>y  the  preceding 
formula,  and  combining  these  tints  ac- 
cording to  the  rules  alrcaely  given,  it 
will  Ix!  found  that  the  lines  of  eqiuil  tint, 
which  we  may  call  the  isochromalic  lines 
m the  square  of  intersection  A B C D, 
are  hyperbolas,  which  n ill  be  equilateral 
when  the  breadths  of  the  two  plates  and 
their  maximum  tints  arctlie  same*.  Tlic 
beauty  of  this  combination  surpasses 
all  description. 

When  a positive  rectan^ar  plate 
(Tosses  a negative  rectangular  plate,  it 
will  be  found,  by  the  same  method,  that 
the  isochromatic  lines  in  the  rectangle 
of  iutei-section  arc  perfect  circles  when 
the  bieadth  of  the  plate  and  the  tints 
in  each  are  the  same : this  etfect  is  shewn 
in  fg.  57.  But  when  the  breadth  of  the 
plates  is  different,  the  isochromatic  lines 
will  be  ellipses. 


Fig.  57. 


4.  On  the  distribution  of  the  doubly 
refracting  force  in  spheres,  spheroids, 
and  tubes  of  glass. — If  we  take  a cold 

* Bc«  BSin,  Treuaaetts**,  to],  Tiil,  p,  357. 


sphere  of  glass  and  immerse  it  in  n 
trough  of  hot  oil  ])laeed  in  the  jiolarising 
apparatus  fg.  39,  we  shall  observe, 
when  the  heat  has  readied  its  centre, 
a black  cross  with  four  sectors  of  |iolat- 
ised  light  like  the  inner  circle  of  fg.  25. 
The  maximum  tint  is  not  at  the  edge, 
but  nearly  half  way  Iretween  the  centre 
and  the  circumference  of  the  sjihere.  If 
in  this  state  the  sphere  is  turned  round 
in  the  trough,  it  will  exliibit  in  every  po- 
sition the  very  same  figure.  If  we  now 
suppose  the  trough  to  be  filled  with 
such  spheres,  they  will  exhibit  the  same 
phenomena  in  whatever  direction  the 
polarised  light  is  transmitted  through 
the  fringes,  and  even  if  the  spheres 
were  in  a state  of  motion  in  tlie 
trough.  A fluid  composed  of  such 
spherical  particles  woiild  exhibit  the 
same  polarising  structure  in  every  pos- 
sible direction,  and  even  if  it’  were  in  a 
state  of  rapid  gyration.  If  the  particles 
possessed  the  structure  that  )irodiicei 
circular  polaiisntion,  the  fluid  would  de- 
vclojie  the  phenomena  exhibited  by  oil 
of  tur|>entine  and  the  other  fluids  already 
mentioned  in  Chapter  XII,  p.  5. 

If  a spheroid  is  used  in  place  of  a 
sphere,  the  structure  will  be  symmetri- 
cal only  round  its  axis  of  revolution, 
viz.,  the  shorter  axis,  if  it  is  oblate,  and 
the  longer  axis,  if  it  is  prolate.  If  the 
polai-ised  ray  A C,fg.  39,  passes  along 
any  of  these  axes,  we  sliall  observe  a 
black  rectangular  cross,  and  four  lumi- 
nous sectors,  which  will  remain  unal 
tered  during  the  motion  of  the  spheroids 
round  the  axis  of  revolution.  But  if 
this  axis  is  inclined  to  A C,  the  syig- 
metry  of  the  figure  is  deranged,  and  the 
black  cross  will  sometimes  open  at  the 
centre.  If  an  equatorial  diameter  of 
the  spheroid  is  parallel  to  C,  then  the 
black  cross  will  lie  complete  when  the 
plane  of  the  equator  is  parallel  or  per- 
pendicular to  the  plane  of  primitive  po- 
larisation, but  it  will  Ojicn  at  the  centre, 
in  other  positions,  like  the  system  of 
rings  in  crystals  with  two  axes. 

If  heat  is  applied  to  the  circumference, 
A C BI),  fg.  56,  of  a glass  tuhe,  whose 
diameter  is  AB,  and  the  diameter  of 
whose  bore  is  ab,  the  black  cross  AB, 
C D,  will  be  seen,  and  there  w ill  tie 
observed  a (hark  circle,  mnop,  of  no 
double  refraclion,  having  in  tlie  outside 
the  positive  doubly  refracting  structure, 
and  in  the  inside  the  negative  doubly 
refracting  structure.  The  breadth  of 
the  negative  annulus  is  less  than  that 
E 2 
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Fig.  58. 


c 


of  the  positive  one.  As  the  bore  of  the 
tube  becomes  smaller  the  circle  of  no 
double  refraction  approaches  to  the  axis 
of  the  tube. 

5.  On  the  communication  of  a per- 
manent doubti)  refracting  etructure  to 
Glaee. — In  March  1814,  Dr.  Brewster 
found  that  glass  melted  and  suddenly 
cooled,  such  as  Prince  RuMrt’s  drops, 
possessed  a permanent  doubly  refracting 
structure.  In  December  1814,  Dr.  See- 
beck  published  experiments  of  a similar 
kind,  with  cubes  of  glass,  and  Dr.  Brew 
star,  who  had  extended  his  experiments 
to  plates  of  da.ss  of  all  forms,  analysed 
the  various  ^enomena  which  thw  pro- 
duced, and  published  an  account  of  them 
in  tlie  Plulosophical  Transactions  for 
1816. 

In  order  to  form  cylinders,  or  plates, 
or  spheres,  with  a permanent  doubly  re- 
fracting structure,  we  have  only  to  bring 
the  glass  to  a red  heat,  and  cool  it  ra- 


pidly at  its  circumference  or  its  edges. 
When  the  cylinders  or  plates  have  been 
thus  rapidly  cooled,  they  will  produce  the 
very  same  phenomena  which  are  exhi- 
bited by  plates  that  have  only  transiently 
the  doubly  refracting  structure  during 
the  propagation  of  heat  through  the  mass. 
The  maximvun  tint  developed  at  the 
edge  of  a plate  of  crown  glass  0.44  of  an 
inch  thick,  was  the  red  of  the  fifth  order 
of  colours. 

6.  On  tfte  effects  produced  by  sub- 
dividing or  altering  the  form  of  Plates 
and  Cylinders  of  doubly  refracting 
Glass. — In  doubly  refracting  crystals,  the 
phenomena  which  they  produce  are  quite 
independent  of  the  form  of  the  crystal  or 
ortionof  a crystal  et^loyed.  The  case, 
owever,  is  quite  different  with  plates 
and  cylinders  of  glass,  as  the  effect  de- 
pends, in  a great  measure,  on  their  ex- 
ternal shape.  If  we  divide  the  plate 
E F C D into  two,  by  a diamond  cut,  in 
the  direction  a b,  and  separate  the  two 
pieces,  they  will,  when  exposed  to  the 
polarised  teht,  no  longer  exhibit  the 
fringes  which  appear  in^.  53,  on  each 
side  of  a b,  but  each  half  the  plate  will 
have  the  same  structure  as  the  whole 
plate  had  originally,  with  this  ditference 
only,  that  the  tints  are  all  much  lower  in 
the  scale.  This  remarkable  effect  is 
shewn  in  fg.  59,  in  which  ab  corre- 
sponds with  a A in  fg.  53.  Each  half  of 
the  plate  has  now  two  lines  of  no  double 


Fig.  59. 


refraction,  with  one  negative  structure 
between  them,  and  two  positive  structures 
without  them.  If  the  plate  had  been  di- 
vided in  the  direction  GH,  the  an^lar 
structure  at  E,  as  in  fg.  53,  would  have 
appeared  at  the  four  new  angles. 

In  like  manner,  if,  in  the  glass  cylinder 
shewn  mfg.  57,  we  cut  a notch  through 
it,  by  means  of  a file,  two  lines  of  no 
double  refraction  will  appear,  a negative 
structure  being  interposed  between  two 
]»sitive  ones. 

The  optical  figures  produced  by  un- 
annealed  plates  and  cylinders  of  glass 
exhibit  very  curious  variations,  by  grind- 


ing them  into  new  forms.  A evlinder, 
for  example,  which  gives  a circular  sys- 
tem of  rings,  with  a black  cross,  as  in 
hg.  25,  will,  if  its  section  is  made  clli|)- 
tical,  give  the  black  cross  only  when 
the  greater  and  lesser  axis  of  the  ellipse 
are  m the  plane  of  primitive  polarisation. 
When  they  arc  inclined  45°  to  it,  the 
black  cross  opens  in  the  centre,  ex- 
hibiting the  influence  of  a new  axis  de- 
veloped by  the  elliptical  form  of  the  cy- 
linder. 

7.  Description  of  a Chromatic  Ver- 
nier for  subdividing  tints. — If  we  lake  a 
plate  of  glass  of  considerable  thickness. 
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and  grind  it  into  the  form  of  a wedge,  as 
shewn  at  A.'Q.fig.  60,  and  then  give  it 


Fig.  60. 


the  doubly  refracting  structure,  both  its 
positive  and  negative  tints  will  increase 
gradually  from^  B to  A,  so  that  if  the 
maximum  tint  near  A,  is  yellow  of  the 
first  order,  it  will  shade  off  gradually, 
and  tenninatc  in  white  near  B.  In  a 
wedge  of  this  kind,  two  inches  long,  and 
having  an  angle  of  8»,  the  highest  tint 
is  between  the  blue  and  the  white  of  the 
first  order,  corresponding  to  2.20  in 
Newton's  scale  of  colours,  and  the  lowest 
tint  is  between  the  black  and  the  blue, 
corresjionding  to  atmut  0.8.  We  have 
consequently  a scale  nearly  two  inches 
long  to  measure  a variation  in  the 
tints  amounting  to  2.2  — 0.8  = 1.4.  The 
method  of  using  this  wedge  is  shewn  in 
fig.  60.  If  it  is  required  to  ascertain 
very  exactly  the  tint  of  a plate  of  crys- 
tallised glass  C D,  it  must  held  as  in 
the  figure,  and  moved  gradually  from 
A to  B.  When  it  has  the  position  C D, 
the  intersectional  figure  m is  opened  ho- 
rizontally, which  proves  that  the  tints  of 
the  wedge  A B,  at  the  point  m,  are  higher 
than  those  of  C D.  In  the  position  GH, 
the  figure  at  o is  open  vertically,  and 
therefore  the  tints  of  the  wedge  at  o are 
lower  than  those  of  the  plate.  But  in 
the  intermediate  position  EF,  a dark 
cross  is  prtxiuced,  which  indicates  the 
perfect  equality  between  the  tints  of  the 
wedge  at  n and  those  of  the  plate  E F. 
By  a scale  of  equal  parts,  one  of  which 
may  be  the  one  tenth  or  the  twentieth 
part  of  an  unit  in  Neivton's  scale, 
all  tints  may  be  compared  with  each 
other,  and  referred  to  their  exact  place  in 
the  scale  of  colours.  Tliis  wedge  is  par- 
ticularly suited  as  a vernier  for  the  chro- 
matic thermometer  already  mentioned. 

8.  On  the  production  of  the  doubly 
refracting  structure  by  evaimralion  ana 
gradual  induration. — In  the  beginning 
of  1814,  Dr.  Brewster  discovert  that 


the  structure  which  produces  double  re- 
fraction could  be  communicated  to  soft 
sul»tances  by  gradual  and  luiequal  indu- 
ration ; and  ne  afterwards  published 
some  of  his  results  in  the  PhU.  Tram. 
for  1816. 

When  isinglass  is  dried  in  a circular 
glass  trough,  and  is  placed  in  the  pola- 
rising apparatus  fg.  39,  it  exhibits  the 
black  cross  and  four  luminous  sectors 
like  negative  crystals  with  one  axis  of 
double  refraction.  When  a thin  cylin- 
drical plate  of  isinglass  is  indurated  at 
its  outer  edge,  it  gives  the  black  cross 
and  four  luminous  sectors  like  potitive 
crystals  with  one  axis  of  double  refrac- 
tion. 

A thin  cylinder  of  isinglass,  with  a 
hole  in  its  centre  like  the  glass  tube 
shown  in  fg.  57,  gives  exactly  the  ap- 
pearance there  represented,  but  both 
the  structures  are,  in  this  case,  positive. 

When  jelly  is  evaporated  in  rectan- 
gular troughs  of  glass,  as  AB  C D,y^,6 1, 

Fig.  61. 


the  induration  commences  at  the  surfiuie 
a b,  and  fringes  m n are  formed  parallel 
to  the  surface,  having  the  same  structure 
(viz.  positive)  as  the  external  fringes  in 
plates  of  unannealed  glass.  The  surface 
ab  sinks  as  the  induration  advances, 
but  at  last  the  jelly  adheres  so  firmly  at 
a and  b to  the  sides  of  the  trough,  that  the 
surface  a b becomes  fixei  Hence,  as 
the  induration  proceeds,  the  softer  jelly 
about  rs  is  expanded  or  drawn,  as  it 
were,  towards  a b,  in  consequence  of  its 
moisture  escaping  slowly  through  ab, 
and  its  adherence  to  tne  more  indu- 
rated structure  above  it  The  conse- 
quence of  this  is,  that  an  opposite  or 
negative  structure  is  developed  at  r t, 
and  tliis  structure  is  necessarily  sepa- 
rated from  the  negative  structure  at 
m n by  a black  neutral  line  M N,  in 
which  there  is  no  double  refraction. 

If  the  glass  trough  is  open  at  its  bot- 
tom B C,  so  as  to  allow  the  induration 
to  take  place  there  also  as  in  fg.  62, 
positive  fringes  are  formed  at  o p,  and 
negative  ones  at  r«,  and  these  are  sepa- 
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Fig.  62. 


rated  by  the  line  OP  of  no  double  refrac- 
tion. Tliis  system  of  frini;es  is  exactly 
the  same  as  that  produced  Ary  a rect- 
angle of  glass  heated  and  then  rapidly 
cooled,  and  when  it  was  crossed  by  a 
rectangle  of  glass  having  the  system  of 
fringes  developed  by  the  passage  of  heat 
across  it,  the  interscctional  rectangle 
exhibited  the  elliptic  fringes  mentioned 
in  p.  51.  A plate  of  jelly  one-third  of 
an  inch  thick,  and  one  inch  and  two- 
thirds  long,  ))roduccd  at  r » a green  of 
the  second  onler  on  the  day  after  it  was 
coagulated. 

When  isinglass  is  placed  in  a cylin- 
der .‘VB  of  glass, 63,  open  at  both 
ends,  and  is  allowed  to  indurate,  it  ap- 

I^g.  63. 


A 


3 


pears  to  be  dh-ided  into  two  structures 
0,  p,  bv  a dark  line  m n,  when  A B is 
parallel  or  [teniendicular  to  the  plane 
of  primitive  polarisation.  The  tints  of 
0 descend  in  the  scale,  while  those  of  p 
ascend,  when  the  axis,  .r  j/,  of  a plate  of 
sulphate  of  lime  crosses  them  as  in  tlie 
fgure. 

If  we  lake  a sphere  or  spheroid  of 
trans|>arent  jellv  and  allow  it  to  indu- 
rate, it  will  exhibit  the  same  phenomena 
as  a sphere  or  spheroid  of  glass  that  has 
received  the  doubly  refracting  structure. 


All  the  lenses  of  animals  which  are 
formed  of  albuminous  matter  exhibit  a 
doubly  rcfractii^  struoture  analogous 
to  that  of  spheroids  of  glass  and  indurated 
jelly.  In  some  of  tliem  there  is  only  a 
single  structure,  as  in  that  of  man  and 
several  quadrupeds ; but  in  the  lens  of 
the  horse  there  are  three  structures,  like 
those  in  plates  of  glass.  In  fishes,  which 
have  spherical  or  rather  spheroidal 
lenses,  the  phenomena  are  highly  beauti- 
ful and  instructive.  If  we  take  the 
crystalline  lensc  of  a large  cod,  and 
having  immersed  it  in  a glass  trough  of 
oil,  place  its  axis  jiarallel  to  A C,Jig.39, 
we  shall  see  the  beautiful  figure  shown 
in  Jig.  64,  which  will  never  vary  while 


Fig.  64. 


the  lens  is  turned  round  upon  its  axis. 
The  figure  consists  of  twelve  luminous 
sectors  1,  2,  3,  4,  5.  &c.,  separated  from 
each  other  by  a black  cross,  and  two  dark 
concentric  circles,  wliich  are  circles  of  no 
double  refraction.  The  interior  sectors,  I , 

2,  7,  8,  are  small,  and  exhibit  a white  tint 
of  the  first  order,  increasing  in  brilliancy 
towards  the  centre  where  the  black 
cross  is  very  sharp.  The  middle  sectors, 

3,  4,  9,  Id,  which  are  very  laige,  are 
separated  from  the  interior  by  a broad 
dark  circle,  and  display  a white  tint  of 
the  first  order.  Tlie  outer  sectors,  5,  6, 
1 1 , 1 2,  arc  extremely  faint,  and  are  seen 
with  considerable  difficulty  in  this  po- 
sition of  the  lens.  If  the  axis  of  the  lens 
(or  the  axis  of  vision  of  the  eye)  is  inclined 
to  the  polarised  ray  in  a plane  passing 
through  I and  2,  the  sectors  1 and  2 will 
diminish,  and  7,  8 will  increase  in  size, 
and  an  additional  luminous  space  will 
appear  at  tlie  centre,  till,  by  increasing 
the  inclination,  the  sectors  1 , 2 and  the 
luminous  space  will  completely  disap- 
pear, leaving  the  sectors  7,  8 mudi  en- 
laiged,  and  of  a bluish  while  tint.  If  the 
lens  is  inclined  in  a plane  pa.ssing 
through  7 8,  the  sectors  1,  2 will  in- 
crease, and  7,  8 diminish  in  the  same 
mamier 
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When  tlie  polarised  light  is  transmitted 
in  a direction  perpendicular  to  the  axis,  or 
in  the  plane  of  the  equator,  the  black  cross 
will  l)c  complete,  and  the  figure  sjan- 
metrical  when  the  plane  of  the  equator 
is  parallel  or  peipendicular  to  the  plane 
of  primitive  polarisation ; but  out  of  these 
planes  the  black  cross  changes  its  form, 
and  only  two  luminous  spaces  appears 
in  place  of  1 2,  7 8,  separated  by  a single 
black  line  passing  through  the  centre. 
The  middle  and  outer  sectors  of  the 
crystalline  had  the  same  structure  as 
that  of  a sphere  of  glass  jdaced  in  hot  oil, 
and  tlic  middle  sectors  had  'an  opposite 
structure*. 

ChaptkrXV. 

Double  Se/nirlion  communicated  to 
Plaice  of  Glues  by  Mechanical  Force 
— Combination  of  such  Plales  with 
each  other  and  icith  Plates  of  Glass 
made  Doubly  Refracting  by  Heat — 
Chromatic.  Dynamometer  — Manner 
in  which  Heal  and  Pressure  produce 
Double  Refraction. 

On  the  3d  of  January,  1815,  Dr.  Brew- 
ster discovered  that  the  property  of 
double  refraction  could  lie  communi- 
cated liy  simple  pressure  to  soft  animal 
substances,  such  as  isinglass  and  calves' 


foot  jelly.  He  took  a cylinder  of  calves’ 
foot  jelly,  so  small  that  it  could  scarcely 
support  its  own  weight,  and  having  no 
action  whatever  upon  polarised  light ; 
and  by  pressing  this  between  ttie  finger 
and  the  thumli,  or  even  touching  it 
gently,  it  received  the  structure  of  doubly 
refracting  bodies  as  exhibited  in  their 
action  on  polarised  light.  During  sub- 
sequent experiments  in  October,  1815, 
he  found  tnat  compression  produced  a 
negative  polarising  structure,  and  dila- 
tation a positive  structure,  and  by  di- 
lating isinglass  in  a certain  slate  of 
toughness,  he  communicated  to  isinglass 
a much  more  powerfid  doubly  refracting 
structure  than  that  of  beryl.  On  the 
1st  of  November  of  the  same  year,  he 
extended  these  exiieriments  to  plates  of 
solid  glass. 

This  remarkable  property  may  be 
easily  shown  by  taking  a strip  of  glass 
cut  merely  with  a diamond,  and  bending 
it  slightly  by  holding  one  end  of  it  in 
each  hand.  When  tlie  strip  of  glass  Is 
held  in  the  apparatus, ,/fg.  39,  so  that  its 
length  is  inclined  45°  to  the  plane  of 
primitive  polarisation,  it  will  exhibit 
two  separate  doubly  refracting  stnictures 
shown  in  fg.  65,  separated  by  the  dark 
neutral  line  M N,  Each  of  these  struc- 


Fig.  65. 


hires  is  covered  with  coloured  fringes 
parallel  to  M N,  and  those  between  the 
concave  side  C D and  M N are  positive, 
while  tliose  between  the  convex  side, 
A B and  M N,  arc  negative.  The  tints 
vary  as  tlieir  distance  from  M N.  If  we 
slacken  the  bending  force,  the  fringes 
will  become  less  numerous,  descending  to 
the  white  of  the  first  order,  and  then 
disapjiearing  altogether  when  the  force 
is  reduced  to  nothing. 

When  two  slips  of  glass  of  the  same 
thickness  and  size,  and  similarly  bent, 
are  crossed,  as  shown  in  fig.  66,  the 
tints  in  the  intersectional  square  are 
rectilineal,  and  are  parallel  to  the  line 
of  no  double  refraction  m n,  which  forms 
the  diagonal  of  the  square,  which  joins 
the  intersection  of  the  two  concave  sides 
with  that  of  the  two  convex  sides. 

When  one  of  these  bent  strips  of  glass 


* S«t  thii.  Tra»$.  where  l>t.  DreviUr 

first  dticiibed  tbe>e  uppcsraocei. 


crosses  a rectangular  plate  of  glass  with 
the  two  structures,  the  fringes  in  the 
intersectional  square  are  parMoias. 

Fig.  66. 


Effects  of  a similar  kind  were  pro- 
duced by  applying  mechanical  force  to 
various  other  l.nxlies  destitute  of  double 
refraction ; and  tlie  system  of  rings  in  se- 
parate crystals, and  the  uniform  tiuts  pro- 
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duced  by  thin  plates  of  crystals  were 
modified  by  compression  and  dilatation* 
Rccordiiii^  to  laws,  of  wliich  the  reader 
will  find  a fidl  account  in  the  Phil. 
Trans,  for  1816,  and  the  Kdin.  Tram. 
voL  viii.  The  principles  thus  devclojwd 
have  bt*cn  ap]>lied  by  Dr.  Brewster  to 
the  construction  of  a chromatic  dyna- 
momcter^  a chromatic  hygrometer,  and 
a chromatic  thermomeier.  different 
fh)m  the  one  formerly  mentioned.  In 
these  cases,  either  direct  force,  or  force 
arisin^^  from  expansion,  is  to  be  mea- 
sured ; and  in  the  instruments  under 
consiileration  the  force  is  measured  and 
indicated  by  the  tints  developed  in  a plate 
of  Bjlass  l>cnt  by  the  force  to  be  measured. 
The  perfect  elasticity  of  e;lass  ijives  it  a 
vast  s\iperiority  over  steel,  as  it  will  in- 
variably return  to  its  original  stale  after 
l>eing  Ijent ; and  as  the  tints  of  polarised 
lifflU  have  a precise  numerical  value,  and 
may  be  subdivided  and  read  off  l>y  the 
chromatic  vernier  described  in  j).  53,  the 
results  of  such  instruments  will  merit 
great  confidence. 

It  is  not  difficult  to  form  an  idea  of 
the  manner  in  which  heat  and  pressure 
produce  tlial  mechanical  change  in  the 
condition  of  tlie  glass  which  gives  rise 
to  the  very  singularj)henomena  above 
described.  Wlicn  Dr.  Brewster  first 
saw  the  extraordinaiy*  phenomena  of  a 
doubly  refracting  structure  produced 
at  parts  of  the  glass  where  the  heat 
had  not  arrived,  he  was  struck  with 
its  analogy  to  the  phenomenon  in  mag- 
netism in  which  the  production  of  south 
polar  magnetism  at  one  end  of  a needle 
instantly  creates  north  polar  magnetism 
at  the  otlier  end,  and  he  w'as  disposed  to 
lielieve  that  the  phenomena  might  be 
owing,  as  in  magnetism,  to  the  action  of 
a fluid.  This  opinion,  however,  was 
soon  aliandoned,  after  he  was  belter  ac- 
(j^uainted  with  the  influence  of  compres- 
sion and  dilatation  in  developing  the 
doubly  refracting  structure,  and  be  gave 
the  following  explanation  of  the  pheno- 
mena. Let  CDFE,  67,  be  an 


Fig.  67. 


elastic  transparent  substance  like 
caoutchouc  or  isinglass  in  a particular 
state  of  induration,  and  let  it  lx?  dilated  or 
drawn  out  in  the  direction  A B by  forces 


applied  at  A and  B : the  obvious  effect  of 
this  is  to  shorten  the  sides  0 D,  E F;  or, 
what  is  the  same  thing,  to  produce  a 
compression  along  these  lines.  There 
will  conse<juently  be  neutral  lines  m n, 
op  separating  the  dilated  from  the  com- 
pressed portions,  and  if  the  plate  is  ex- 
()Osed  to  polarised  light,  we  shall  have 
a positive  structure  A B between  two 
negative  structures  CD,  E F.  If,  on 
the  other  hand,  we  compress  C D and 
E F,  the  effect  of  this  will  be  to  caitse  a 
protrusion  at  A and  B,  or  to  dilate  the 
substance  in  the  dirwtion  A B.  If  we 
apply  the  compressing  force  only  to  E F 
in  a hard  elastic  substance  like  glass, 
this  will  necessarily  produce  a protntsion 
at  A and  B,  or  a dilatation  in  that  direc- 
tion, and  this  dilatation  will  produce  a 
compression  at  C D, though  no  force  is 
applied  there.  Hence  it  is  obvious  why 
tints  appear  at  C D when  the  edge  E F 
of  a piece  of  glass  C D F E is  laid  upon 
a piece  of  hot  iron. 

In  the  experiment  shown  in  Jig.  65, 
with  the  bent  plate  of  glass,  the  {lamcles 
of  the  glass  arc  compressed  on  the  con- 
cave side  C D and  in  the  direction  C D, 
whereas,  on  the  convex  side,  AB,  they 
are  dilated  in  the  same  direction  as  that 
of  A B : hence  there  must  l>e  some  neu- 
tral line  M N in  which  there  is  a line  of 
particles  neither  compressed  nor  dilated. 

From  these  principles,  it  is  easy  to 
imdcrstand  how  the  stnicture  of  iinan- 
nealed  glass,  as  indicated  by  the  optical 
figure  which  it  protluces,  changes  by  di- 
viding it  in  two,  or  by  altering  its  form. 
The  structure  of  the  optical  figure  de- 
pends on  the  form  of  the  glass  as  a whole, 
and  it  is  easy  to  conceive  how  portions 
kept  in  a state  of  compression  by  dilating 
forces  in  another  part  of  the  glass,  should 
lose  fheir  state  of  compression  by  the  re- 
moval of  the  dilating  forces  which  occa- 
sioned it,  or  should  even  lx?  thrown  into 
a state  of  dilatation  by  (he  influence  of 
the  remaining  compressing  forces. 

Mr.  Hcrscnel  has,  in  his  Treatise  on 
Light,  given  an  analogous  view  of  the 
.subject  as  a theory  of  the  phenomena. 
We  regard  the  views  given  a^ve  as  the 
result  of  direct  experiment 

Chaptbr  XVI. 

Structure  of  compofiie  Doubly  Pefract* 
^^g  Crystals  — Brazilian  Topaz  — 
Sulphate  of  Potash — RemarkaoU  for^ 
motion  of  tesselaied  Apophyllite. 

Is  examining  the  phenomena  exhibited 
by  doubly  refracting  crystals,  the  reader 
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cannot  fail  to  have  observed  that  the 
forces  which  produce  them  have  the 
same  character  and  the  same  intensity 
in  all  parallel  directions.  The  tints  or 
the  systems  of  rings,  or  the  separation  of 
images,  are  identically  the  same  through 
whatever  portion  of  a crystalline  plate 
the  ray  is  transmitted,  provided  it  has 
always  the  same  inclination  to  the  axis 
or  axes  of  the  crystal. 

In  composite  or  hemitrope  crystals 
there  is  an  npjiarent  deviation  from  this 
law.  If  one  crystal  adheres  to  another, 
so  that  their  axes  are  not  parallel,  the 
system  or  systems  of  rings  seen  through 
a plate  formed  out  of  the  adhering  crys- 
tals will  not  have  tlie  same  position,  nor 
will  the  lints,  or  the  separation  of  the 
im^s,  be  the  same  in  parallel  directions. 
This  kind  of  composite  structure  some- 
times presents  very  curious  phenomena, 
as  in  m'/re,  arragonite,  calcareotu  spar, 
harmotome,  arseniate  of  iron,  aplome, 
scoUzite,  feldspar,  stdphato-lricarbonalt 
of  lead,  and  various  minerals;  but  it  is 
particularly  beautiful  in  Brazilian  topaz 
and  certain  crystals  of  sulphale  oj 
potash. 

A very  particular  account  of  the  com- 
pound structure  of  Brazilian  topaz  has 
been  given  by  Dr.  Brewster  in  the  Cam- 
bridge Transactions,  vol.  ii.  It  consists 
of  a central  rhomb  inclosed  within  four 
other  crystals,  as  ioy^.  68.  The  whole 


Fig.  C8. 


have  often  the  same  colour,  but  very 
often  the  central  rhomb  is  of  one  colour, 
while  the  external  tesselee  are  of  a different 
colour ; and  in  some  rare  cases  one  of 
the  external  tesselae  has  been  pink  wliile 
the  other  three  were  yellow.  These  ex- 
ternal tesselse  are  often  divided  into  a 
number  of  minute  lamins,  whose  prin- 
cipal sections  are  not  parallel,  the  prin- 
cipal section  of  the  innermost  being  in- 
clmed  no  less  than  10®  or  1 1®  to  that  of 
the  outermost. 

The  bipyramidal  sulphate  of  potash,  in 
place  of  being  a simple  crystal,  as  Count 
Boumon  sup|)osed,  has  been  shown  by 
Dr.  Brewster  to  be  a compound  one,  and 
when  a plate  is  cut  out  of  it  perpendi- 
cular to  the  axis  of  the  pyramid,  it  ex- 


hibits the  tesselated  structure  shown  in 
1g.  69,  when  placed  in  tlie  apparatus 
Fig.  69. 


tig.  39.  By  inclining  the  plate  the  tes- 
selsB  rive  different  tints,  which  have  a 
very  fine  effect. 

In  all  these  cases,  and  in  many  others 
that  might  be  adduced,  each  of  the  les- 
sel®  have  all  the  properties  of  separate 
crystals.  They  have  all  the  same  po- 
larising force,  and  exhibit  the  same  pro- 
perties at  equal  inclinations  to  the  axes  of 
each,  so  that  their  optical  structure  and 
properties  are  exactly  such  as  might 
have  been  predicted  from  a knowledge 
of  their  ciystallographie  structure. 

From  all  these  structures  that  of  the 
tesselated  apophyllite  differs  in  a very 
remarkable  manner.  The  doubly  ri- 
fracting  force  varies  in  different  parts  of 
the  crystal,  and  this  variation  takes 
place  with  such  admirable  symmetry  in 
relation  to  the  faces  of  the  crystal,  that 
it  produces,  when  exposed  to  polarised 
light,  the  most  beautiful  phenomena  that 
have  ever  been  witnessed 

The  apophyllite  from  Faroe  most  com- 
monly crystallises  in  right-angled  prisma 
like  CD,  fig.  70.  If  we  remove  the 
Fig.  70. 
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slices  A,  B,  which  form  the  summit  and 
base  of  tlie  prism  to  the  thickness  of 
about  the  1 ooth  of  an  inch,  and  examine  it 
either  by  the  miscroscoiie  or  by  polarised 
liijlit,  we  shall  perceive  no  difference 
between  them  and  ordinary  crystalline 
plates,  excepting  that  the  colour  of  the 
single  system  of  rings  wliich  they  pro- 
duce are  peculiar,  as  descritwd  in  Chap. 
] X.  p.  3d.  A numlxT  of  veins  merely  ap- 
pc.ar  at  the  edges,  as  shown  in  the  figure. 
By  removing  other  slices,  wtiich  may  be 
easily  done  Uy  a knife,  as  the  mineral 
splits  with  great  facility,  and  exposing 
them  to  ])olarised  light,  we  shall  observe 
that  they  exhibit  the  Ireautifid  tesselated 
figure  shown  in  Jig.  7 1 . The  outer  case, 


M N O P,  which,  as  it  were,  hinds  the 
interior  parts  together,  is  composed  of  a 
great  number  of  parallel  veins  or  plates 
which,  fnrm  their  minuteness,  display 
the  colours  of  striated  surfaces.  Within 
this  frame  are  contained  no  fewer  than 
nine  separate  cn’stals,  viz.  the  central 
lozenge  ahed,  the  four  prisms  A,  B,  C, 
D with  trapezial  bases,  and  the  four 
triangular  prisms  e h I,  I m n,  and 
g f c,  all  of  which  arc  separated  from 
one  another  by  distinct  fines  or  veins. 
By  means  of  the  microscope  we  can 
easily  see  the  lines  ehl,  Imn,  nkg, 
and,g/e.  The  central  lozenge  a 4 cd  is 
is  seen  much  less  fre(|iienlly,  and  the 
radial  lines  ha,  ck,fd,  h m can  only  lie 
recognized  by  a particular  mode  of 
throwing  the  light  uiioii  tlic  iilates, 
though  they  are  easily  seen  by  polarised 
light. 

But  the  most  lemarkable  circumstance 
in  this  composite  structure  is,  that  the 
central  fozenge  abed  has  only  ovs 
aris  of  double  refraction,  while  the  four 
pnsm's  A.  B,  C,  D,  have  two  axes.  In 
A and  D the  planes  of  the  two  resultant 
axes  are  coincident,  and  lie  in  the  direc- 
tion of  the  diagonal  M N ; and  in  like 


manner  the  plan’s  of  the  resultant  axes 
of  B and  U lie  in  the  other  diagonal 
O P.  This  combination  of  crystals  with 
one  and  two  axes,  mavbe  very  easily  re- 
cognised by  holding  the  plate  M O N P 
in  the  position  DEFG  of  Jig.  39,  and 
turning  it  alxiut  its  axis,  lu  every  po- 
sition of  the  plate  the  lozenge  abed  will 
be  dark,  while  the  crystals  A,  B,  C,  D 
will  l>e  luminous  when  the  sides  M O, 
O N are  parallel  or  jierpcndicular  to  the 
plane  of  primitive  polansalion. 

Beautiful  as  this  structure  is,  it  is  yet 
far  surjiassed  by  that  of  another  variety 
of  Faroe  apophyllite,  the  extraordinary 
organisation  of  which  is  thus  de- 
scribed by  Dr.  Brewster. 

" Among  the  various  forms  in  which 
the  apophyllite  occurs,  there  is  one  from 
Faroe  of  a very  interesting  nature.  The 
crystals  have  a greenish-white  tinge,  and 
are  aggregated  together  in  masses.  The 
quadrangular  prisms  are  in  general  below 
one-twelfth  of  an  inch  in  width  ; flicy  are 
always  unpolished  on  their  terminal 
planes ; they  have  the  angles  at  the 
summit  more  deeply  truncated  than  tlio 
other  quadrangular  prisms  from  Fame  ; 
they  are  alwaj-s  jierfectly  transparent, 
anu  may  sometimes  lie  detached  in  a 
complete  state,  with  both  tlieir  terminal 
summits. 

“ In  examining  this  variety  of  apophyl- 
lite, I was  enabled,  by  the  perfection  of 
the  crystals,  to  study  their  stnicture, 
througn  tlie  natural  puines,  and  at  right 
angles  to  their  axes.  The  phenomena 
which  tliis  investigation  presented  to  me 
were  of  a very  singular  and  unexiiected 
nature.  In  symmetry  of  form  and 
s])lendour  of  colouring,  they  far  sur- 
passed any  of  the  optical  arrangements 
that  1 had  seen,  while  they  develojied  a 
singular  complexity  of  stnicture,  and  in- 
dicated the  existence  of  new  laws  of 
mineral  organisation. 

“ When  a complete  crystal  of  tliis 
variety  of  apophyllite  is  eximsed  to  )k>- 
lariscd  light,  with  its  axis  inclined  45'’ 
to  the  plane  of  jirimitive  polarisation, 
and  is  subsequently  examined  with  an 
analysing  prism,  it  exhibits,  through 
both  its  iiair  of  jiarallcl  planes,  the  ap- 
(leamnce  shown  in  fig.  72.  In  tuniiiig 
the  crystal  round  tbe  polarisetl  ray,  all 
the  tints  vanish,  re-ajipear,  and  reach 
their  maximum  at  the  same  time,  so 
that  they  are  not  the  result  of  any  he- 
mitropism,  but  arise  wholly  from  a sym- 
metrical combination  of  elementary 
crystals  possessing  different  primitive 
forms  and  different  refractive  and  po 
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larisine  powers.  The  difference  in  the 
polarising  powers  is  well  shown  by  the 
variation  of  tint ; and  the  difference  of 
refractive  power  may  be  observed  with 
equal  distinctness  by  examining  tlie 
ctyslal  with  the  microscope  under  fa- 
vourable circumstances  of  illumination, 
wlien  the  outlines  of  the  symmetrical 
forms  sliown  in  Jig.  72  will  be  clearly 
visible. 

“In  examining  the  splendid  arrange- 
ments of  tints  exhibited  in  the  figure, 
the  perfect  symmetry  vvliich  appears  in 
all  Its  parts  is  particidarly  remark- 
able. Tlie  existence  of  the  curvilineal 
solid  in  the  centre ; — the  gradual  di- 
minution in  the  lenj^h  of  the  circum- 
scribing plates,  in  consequence  of  which 
they  tajier,  ns  it  were,  from  the  angles 
of  tlie  central  rectangle  to  tlie  truncated 
angles  at  the  summits  ; but,  atiove  all, 
the  reproduction  of  similar  tints  on  each 
side  of  the  central  figure,  and  at  equal 


distances  from  it,  cannot  fail  to  strike 
the  observer  with  surjirise  and  admira- 
tion 

“ The  tints  exhibited  by  each  crvstal 
vary,  of  course,  according  to  its  tfiick- 
ness,  but  the  range  of  tint  in  the  same 
plate,  and  at  the  same  thickness,  gene- 
rally amounts  in  the  largest  crystals  to 
three  of  the  orders  of  colours  in  New- 
ton's scale.  The  central  portion,  and  the 
two  squares  above  and  below  it,  have  in 
general  the  same  intensity,  wliilethe  four 
segments  round  the  central  portion,  and 
some  of  the  parts  beyond  each  of  the 
squares,  are  also  isochromatic.  In 
the  central  part  tlie  colours  have  a de- 
cided termination ; but  towards  the  sum- 
mit of  the  prism  their  outline  is  less 
regular,  and  less  distinctly  marked ; 
though  this  irregularity  has  also  its 
counterpart  at  the  other  termination. 
A part  of  these  irregularities  is  some- 
times owing  to  the  longitudinal  strise  on 
the  natural  faces  of  the  crystal,  so  that  by 
carefully  grinding  these  off,  the  beauty 
and  regularity  of  the  figure  is  greatly 
improved. 

“ In  order  to  ascertain  the  order  of  the 
colours  polarised  by  tlie  cry  stal,  and  ob- 
serve in  what  manner  they  inased  into 
one  another,  I transmiltedtne  polarised 
light  in  a direction  parallel  to  one  of  the 
diagonals  of  the  quadrangular  prism, 
and  thus  obtained,  as  it  were,  a section 
of  the  different  orders  of  colours,  from 
tlie  icro  of  their  scale.  The  result  of 
this  experiment,  which  is  shown  in  Jig.  73, 

Fig.  73. 
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was  highly  interesting,  as  it  displayed  to 
tlie  eye  not  only  tlie  law  according  to 
which  the  intensity  of  the  jiolarising 
forces  varied  in  different  jails  of  the 
crjslal,  but  also  the  variation  in  the  na- 
ture of  the  tints,  and  the  connection  be- 
tween these  two  classes  of  phenomena  At 
the  points  in  the  diagonal  m n,  opposite 
to  a and  b of  the  crystal,  the  tints  rose  to 
the  seventh  onler  of  colours ; at  ottwr 
two  places,  opposite  to  c and  d,  ttiey  rose 
only  to  the  sixth ; while  near  the  sum- 
mits, at  m and  n,  they  descended  so  low 
as  tlie  fourth  order.  Hence  it  follows 
that  the  four  eurviliiieal  segments.  Jig. 
72,  arc  next  to  these  in  intensity ; that 
the  central  jiortions  of  the  squares  arc 
again  inferior  to  these;  and  that  the 
weakest  jailarising  force  is  near  the  sum- 
mits of  the  prism.  At  a and  b,  the  fourth, 
fifth,  and  sixth  fringes  have  a singularly 
serrated  outline,  exhibiting  in  a very  in- 
teresting manner  the  sudden  variations 
w Inch  take  jilace  in  the  polarising  forces 
of  the  successive  laminie. 

“ Having  thus  described  the  structure 
and  proiierties  of  the  tesselated  apophyl- 
lite.  It  Ixicomes  interesting  to  inquire  how 
far  such  a combination  of  structures  is 
compatible  with  the  admitted  laws  of 
crj'stallogiaphy.  The  grow  th  of  a crys- 
tal, in  virtue  of  the  aggregation  of  minute 
particles  endowed  with  polarity  and  pos- 
sessing certain  jirimitive  forms,  is  easily 
comprehended,  whetlier  we  suppose  the 
particles  to  exist  In  a stale  of  igneous 
fluidity  or  aqueous  solution.  But  it  is  a 
necessary  consequence  of  this  process 
that  the  same  law  presides  at  the  forma- 
tion of  every  part  of  it,  and  that  the 
crystal  is  homogeneous  throughout,  pos- 
sessing the  same  mechanical  and  physi- 
cal projierties  in  all  parallel  directions. 

■*  The  tesselated  aiwphyllite,  however, 
coidd  not  have  licen  foi-med  by  this  pro- 
cess. It  resembles  more  a work  of  art, 
in  which  the  artist  has  varied,  not  only 
the  materials,  but  the  law  s of  their  com- 
bination. 

“ A foundation  appears  to  be  first  laid 
by  means  of  an  uniform  homogeneous 
plate,  tlie  primitive  form  of  wliich  is 
jiyTamidal.  A central  pillar,  whose  sec- 
tion is  a rcctangidar  lozenge,  then  rises 
perjiendicularly  from  tlie  base,  and  con- 
sists of  similar  particles.  Round  this 
jiillar  arc  placed  new  materials,  in  the 
form  of  foiu-  trapezoidal  solids,  the  jiri- 
mitive  fonn  of  whose  particles  is  jiris- 
iiiatic,  and  in  these  solids  the  lines  of 
similar  prujierties  are  at  right  angles  to 


each  other.  The  crystal  is  then  made 
quadrangular  by  the  application  of  four 
triangular  ]irisms  of  unusual  acuteness. 
The  nine  solids,  arranged  in  this  sym- 
metrical manner,  and  joined  by  trans- 
parent veins,  performing  the  functions 
of  a cement,  are  then  surrounded  by  a 
wall,  comiiosed  of  numerous  films,  de- 
posited in  succession,  and  the  whole  of 
this  singidar  assemblage  is  finally  roofed 
in  by  a plate  "exactly  similar  to  that 
which  formed  its  foundation. 

“The  second  variety  of  the  tesselated 
apophyllite  is  still  more  complicated. 
Possessing  the  ditt'erent  combinations  of 
the  one  which  has  just  lieen  described, 
it  disjilays,  in  the  direction  of  the  length 
of  the  ))rism,  an  organization  of  the  most 
singidar  kind.  Forms,  unknown  in  crys- 
tallography, occupy  its  c-entral  jKirtion ; 
and  on  each  side  of  it  jiarticlcs  of  simi- 
lar properties  take  their  place,  at  similar 
distances,  now  forming  a zone  of  uniform 
polarising  force,  now  another  increasing 
to  a maximum,  and  now  a third,  de- 
scending in  the  si-ale  by  regular  grada- 
tions. The  boundaries  of  these  corre- 
sjwnding  though  distant  zones  are 
marked  with  the  greatest  precision,  and 
all  their  parts  as  nicely  adjusteil  as 
if  some  skilful  workman  had  selected  the 
materials,  measured  tlie  spaces  they 
were  to  occupy,  and  finally  combined 
them  into  the  finest  specimen  of  natural 
mosaic. 

“ The  irregularities  of  crystallisation, 
which  are  known  by  tlie  name  of  Made, 
or flemilrope  forms,  andthose  com])ound 
groups  which  arise  from  the  mutual 
penetration  of  crystals,  arc  merely  acci- 
dental deviations  from  particular  laws, 
which  governthe  crystallisations  in  w hich 
they  occm".  The  alierrations  themselves 
testify  the  predominance  of  the  laws  to 
which  tliey  form  excejitions,  and  they  are 
susceiitible  of  explanation,  by  assuming 
certain  polarities  in  the  iiitc^ant  mole- 
cules. The  comjxHind  structure  of  the 
ajwphyllite,  however,  cannot  be  refeiTed 
tothese  capricious  formations.  It  is  it- 
self the  result  of  a general  law,  to  which 
there  are  no  exceptions,  and  when  more 
deeply  studied  and  better  understo^,  it 
must  ultimately  lead  to  the  introduction 
of  some  new  jirinciple  of  organisation, 
of  wliich  ciystallographers  have  at  pre- 
sent no  conception. 

“ The  difficulty  of  accounbng  for  the 
formation. of  ajwphyllite  is  in  no  way 
diminished  by  giving  the  utmost  licence 
to  sjieculation.  We  cannot  even  avail 
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ourselves  of  the  extravasaut  supposition 
of  a cr)'5talline  embryo,  which,  like  that 
of  animal  and  veeetable  life,  eradually 
expands  to  maturity.  Tlie  germ  of 
plants  and  animals  is  nourished  by  a 
series  of  oreans,  of  which,  however  re- 
condite be  the  operation,  we  yet  see  the 
action,  and  witness  the  effects ; but  in 
the  architecture  of  apophyllite  no  subsi- 
diary organs  are  seen.  The  ciystal  ap- 
pears only  in  its  state  of  perfection ; and 
we  are  left  to  admire  the  skill  which  pre- 
sided at  its  formation,  and  to  profit  by 
the  instruetion  which  is  so  impressively 
conveyed  by  such  mysterious  organisa- 
tions."* 

Chapter  XVII. 

MuUipUeation  of  Imaget  in  Calearmut 
Spar — eatuea  Ay  oppotilely  crytial- 
Itaed  Veint — liiplanation  of  the 
Phenomena — Method  of  imitating 
them  by  artificial  Combinations. 

Those  who  have  been  in  the  habit  of 
making  experiments  with  calcareous  spar 
cannot  fail  to  have  observed  that  various 
specimens,  while  they  produce  only  two 
images  through  two  faces  of  the  rhomb, 
produce  great  numbers  of  coloured 
images,  by  transmitting  the  light  through 
the  other  faces  of  the  rhomb.  Ui>on 
examining  such  specimens,  it  will  be  seen 
that  there  are  one  or  more  planes  pos- 
ing through  the  specimen,  and  that  light 
is  reflected  from  these  planes,  so  as  to 

Sroduce  more  than  two  images  by  re- 
ectioa  This  multiplication  of  images 
was  observed  by  Bartholinus  and 
Huvgens,  and  was  afterwards  described 
by  Benjamin  Martin,  Dr.  Robison,  and 
Mr.  Brougham. 

The  crystals  of  Iceland  siiar,  which 
possess  this  curious  property,  are  inter- 
sectixl  with  one  or  more  planes,  AB  C D, 


* S4i»bmrg\  Trmsactionr,  toI.  Is.  p.  333. 


fig.  Ti.  ebcg.afhd,  perpendicular  to  the 
long  diagonals  EF,  GH  of  the  rhomboidal 
faces,  and  parallel  to  the  edges  E G, 
FH.  When  we  look  penKnidieularly 
throi^h  the  faces  A E B F,  D Q C H , 
the  light  will  not  pass  through  the  above 
planes,  and  coasequently  we  shall  see 
only  the  two  images  of  the  object  formed 
by  double  refraction.  But  if  we  look 
through  any  of  the  other  faces,  we  shall 
observe  the  two  common  images  very 
close  together,  then  two  secondary 
images  at  a much  greater  distance,  one 
on  each  side  of  the  two  common  images ; 
sometimes  there  are  four,  and  sometimes 
six  secondary  images,  the  secondary 
images  being  in  two  lines,  one  on  each 
side  of  the  common  images,  and  perja-n- 
dicular  to  the  line  joining  the  common 
images.  Sometimes  the  secondary 
images  arc  double,  triple,  and  quadruple, 
.so  that  when  the  interrupting  planes  are 
numerous,  the  images  are  multiplied  to 
such  a degree  that  heaps  of  them  are 
visible,  sometimes  varying  in  the  inten- 
sify and  colour  of  the  light,  sometimes 
vanishing,  and  sometimes  re-appearing 
by  the  inclination  of  the  plate,  Tliese 
phenomena  are  still  further  varied,  if  tlie 
luminous  object  consist  of  polarised  light. 
The  images  arc  in  general  highly  co- 
loured, exhibiting  the  complementary 
tints  of  polarised  light,  but  in  some  spe- 
cimens there  are  no  colours  at  all  except- 
ing a prismatic  tinge  at  tlie  edges  arising 
from  refraction.  We  have  now  a large 
specimen  before  us,  in  which  the  rhomb 
is  so  intersected  with  planes,  that  it 
throws  up  a floating  bght  like  the  finest 
specimens  of  moon  stone,  but  produces 
none  of  the  complementary  colours  of 
other  specimens. 

MiUus  has  explained  the  general  phe- 
nomena above  ae.scrit)cd,  by  supposing 
that  the  planes  A B C D,  &c.,  are  fissures 
within  the  crystal,  and  that  the  colours 
are  those  of  a plate  of  air  simitar  to  the 
Newtonian  colours  of  thin  plates. 

In  this  state  of  the  subject  Dr.  Brew- 
ster was  led  to  the  examination  of  the 
phenomena  As  tlie  planes  A B C D,  fee., 
are  almost  always  extended  to  all  the  four 
faces  of  the  rhomb,  and  give  exactly  the 
same  colour  at  every  part  of  their  sur- 
face, it  was  obvious  that  if  a fissure  oc- 
casioned the  phenomena  it  must  be 
equally  wide  at  eveiy  part  of  its  surface, 
an  effect  so  extraordinary,  that  it  could 
not  possibly  take  place.  As  the  supposed 
fissure  extended  to  every  surface  of 
the  rhomb,  it  neceasoiily  followed  that 
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the  sliehtest  How  would  protluee  a sepa- 
ration of  the  two  portions  of  tlie  crjslal 
between  wliieh  it  lay.  Hr.  Brewster, 
therefore,  tried  to  ])ro<lnce  such  a cleav- 
aire ; but  he  found  this  impracticable, 
and  upon  erindins:  down  the  crystal,  and 
removing  the  calcareous  spar  with  a sharp 
knife,  till  he  readied  the  supposed  fissure, 
he  found  that  there  was  no  such  breach 
of  continuity  in  tlie  mineral,  but  that  the 
adhesion  of  the  molecides  was  exceed- 
ingly jxiwerful  at  the  very  place  where 
the  fissure  was  supposed  to  exist. 
Upon  more  minute  examination  he  found 
that  the  phenomena  were  all  owing  to 
veins  or  thin  crystals  of  calcareous  spar, 
which  interrupted  tlie  regular  formation 
of  the  minerals,  or,  what  is  the  same 
thing,  that  the  rhombs  wliich  produced 
the  multiplication  of  images  were  hemi- 
tropc  crystals  of  calcareous  spar.  This 
opinion  IS  capable  of  the  most  rigid  de- 
monstration. If  we  cleave  the  crystal, 
>fg.  74,  in  the  direction  A E B F or 
U G C H,  we  shall  find  that  the  edges 
A B e 6,  a/  of  the  thin  crystal  are  not 
coincident  with  the  general  suiface,  but 
present  each  a face  inclined  141"  44' ; 
while  a cleavage  parallel  to  all  the  other 
faces  exhibits  no  such  crystalline  face, 
the  cleavage  of  the  veins  being  coincident 
with  the  cleavage  of  the  general  crystal. 
These  facts  determine  the  exact  position 
of  the  axis  of  the  vein,  and  by  cutting 
two  faces  on  the  crystal,  perpendicular 
to  ttiis  axis,  we  shall  observe  tlie  system 
of  rings  belonging  to  the  vein  itself. 

The  cause  of  the  multiplication  of  the 
images  will  lie  understood  fromy^.  75, 
where  M N is  the  section  of  the  vein  or 
crystal  of  calcareous  sjiar  placed  witliin  a 


Fig.  75. 


rhombwhose  principal  section  is  AB  C D. 
A ray,  R b,  incident  at  4,  being  refracted 
doubly  at  4,  w ill  enter  the  jilatc  of  spar 
at  c if,  where  each  yarned  will  suffer 
double  refraction  a second  time,  because 


the  vein  M N is  not  in  the  position  where 
double  refraction  does  not  take  place*  ; 
but  as  tlie  vein  is  so  thin  as  to  produce 
colours  by  polarised  light,  each  of  tlie 
jiencils  c e and  <f/w  ill  consist  of  two  com- 
plementary colours,  depending  on  tlie 
thickness  of  tlie  vein,  and  the  inclination 
of  the  polarised  rays,  4 c,  4 <f  to  tlie  axis 
of  the  vein.  These  double  pencils  will 
emerge  at  e,/  from  the  vein,  and  lie  divi- 
ded, as  in  the  figure,  into  tlie  rays  em.en, 
/ Of  f P,  the  colour  of  I he  iiencils  e n,f  o, 
being  comiileraentary  to  those  ofem.fp. 

The  rllomb  of  calcareous  spar,  shown 
in  fig.  75,  is  equivalent  to  tlie  iwlarising 
ayiparatus  shown  in  fig.  39,  tlie  light 
being  first  polarised  by  the  rhomb 
A M N C,  the  vein  M N being  the  tliin 
crystallised  vein  shown  at  D E F G in 
fig.  39,  and  the  light  transmitted  through 
it  being  analysed  by  the  rhomb,  M B D N. 
When  the  vein  M N is  very  thin,  and 
the  rays  b c,  bd  not  much  inclined  to  the 
axis  of  M N,  the  colours  are  recognised 
as  iiortions  of  tlie  system  of  coloured 
rings  which  surround  tlie  axis  of  M N. 

In  order  to  give  ocular  proof  that  the 
multiplication  and  colour  of  the  images 
are  pnxluced  by  the  causes  above  ex- 
plained, Dr.  Brewster  divided  rhombs  of 
calcareous  spar,  and  inserted  between 
them,  or  into  grooves  cut  in  them,  plates 
of  calcareous  siiar,  or  tliin  films  of  sul- 
phate of  lime  and  mica,  and  was  able  to 
reproduce  all  the  phenomena  displavcd 
by  the  natural  compound  crystal.  The 
lilienomena  admit  of  many  interesting 
variations,  by  interposing  several  thin 
films  in  different  azimuths  round  the 
polarised  pencils  b e,b  d,  and  at  different 
inclinations  to  the  axis  of  the  princijial 
rhomb.  Some  of  these  phenomena  have 
been  already  referred  to  in  p.  22,  at  the 
end  of  Chapter  VI. 

Chapter  X\TII. 

Influmrenf  an  uniform  Heat  upondnuldy 
Ttfrarting  Crytlale — upon  Calcareous 
Spar — Sii/pnale  of  time — Curious 
experiment  with  Su/phate  of  Potash 
and  Copper,  with  the  Hydrous  Sul- 
phates of  Magnesia  and  Zinc — Re- 
marhab/e  e^ect  of  Heat  on  Sul])hate  of 
Lime — and  on  Glauberite. 

The  veiy  curious  subject  of  the  influence 
of  heat  upon  double  refraction  has  been 
recently  investigated  by  Professor  MiU 


• S«  Cbsp.  iv,  5{.  19,  p.  1^ 


Dioit.'cc  by  Gooj^lc 


63 


POLARISATION  OF  LIGHT. 


scherlich  of  Berlin ; but  we  regret  that 
it  is  out  of  our  power  to  pve  any  thins^ 
more  tlian  a mea^e  account  of  some 
of  his  results. 

In  uncrystallised  bodies,  and  in  all 
crystals  which  have  no  double  refraction, 
a rise  of  ternj)erature  throui^hoiit  the 
whole  mass  produces  an  equal  expansion 
in  all  directions,  without  atiy  chance  of 
figure.  With  doubly  rcfractincerj'slals 
the  case  is  diHerent.  When  ciilcareous 
si«r  is  heated,  it  dilates  in  the  dirtx*tion 
of  its  axis  of  double  refraction;  but  Pro- 
fessor Mitscherlich  found  that  in  all 
othi'r  direcHons  at  right  artgles  to  thi$ 
Q.ri8  it  cfmtracts,  so  (hat  there  must  be 
a line  inclined  to  the  axis  in  which  there 
is  neither  dilatation  nor  contraction. 
Hence  the  ancles  of  the  crystal  are 
chanced  by  heat,  l)cinc  diminished  (by  a 
heat  fi*om  tlie  freezinc  to  the  hoilmc 
I>oint)  8'  30"  in  the  diliednU  ancle  at  the 
extremities  of  the  axis.  Its  form  being 
thus  hroucht  nean*r  to  that  of  the  cube, 
which  has  no  double  refraction,  its 
double  refraction,  as  might  have  been 
cxjK'cted,  is  diminislied.  M.  Fresnel 
fi^nnd  that  lieat  dilates  sulphate  of  lime 
less  in  the  direction  of  its  principal  axis 
of  double  refraction  (in  the  plane  of  the 
laniinaOthan  in  a direction  jxjiqMjndicular 
to  it,  a ditference  analocons  to  that  of  cal- 
careous spar,  but  of  a contrarj’  charac- 
ter, as  michl  havel)ecn  anticijKited  from 
the  opposite  nature  of  the  double  refrac- 
tion of  these  two  minerals. 

Tliese  results  heinc  obtained  by  very 
nice  exjx'riments,  wl\ich  hut  (vw  per- 
sons are  able  to  repeat,  Mr.  Hers<diel 
has  given  the  followinc  cxivriment 
ns  an  ocular  demonstration  of  the 
truth  of  the  general  fact  of  unequal 
change  of  dimension  by  change  of  tem- 
l>eniture.  **  Let  a small  quantity  of  the 
iuiuhaie  of  potash  and  copper  (an  an- 
hydrous salt  easily  formed  by  cr>*stalli- 
ainc  together  the  sulphates  of  jwtash  and 
of  eopjx'r)  be  melted  in  a spoon  over  a 
spirit  lamp.  The  fusion  takes  plac*e  at 
a heat  just  1h*1ow  redness,  and  produces 
a liquid  of  a dark  green  colour.  The 
iicat  being  withtli*awn,  it  fixes  into  a solid 
of  a hriUianl  emerald  green  colour,  and 
remains  solid  and  coherent  till  the  tem- 
jKirature  sinks  nearly  to  that  of  boiling 
water,  when  all  at  once  its  cohesion  is 
destroyed;  a commotion  takes  place 
throughout  the  whole  mass,  beginuinp; 
from  the  surface,  each  molecule,  as  if 
animated,  starting  up  and  separating  it- 
self &cm  tiie  rest,  tiU  in  a few  momenta 


the  whole  is  resolved  info  a heap  of  in- 
coherent powder,  a result  which  could 
evidently  not  take  place  had  all  the  mi- 
nute and  interlaced  crystals  of  which 
tl)e  congealed  salt  consisted  contracted 
equally  in  all  directions  by  the  cooling 
process,  as  in  that  case  their  juxtajxjsi- 
tion  would  not  Ixj  disturlied.*’ 

When  Professor  Mitscherlich  was  ex- 
amining tlie  double  refraction  of  the  hy- 
drvus  sulphate  of  magnesia  when  heated 
in  oil,  ho  observed  tliat  it  suffered  no 
change  till  the  temperature  reached  126® 
of  Fahrenheit.  The  crj’sfal  then  became 
ov(tque,  and  on  being  broken,  it  shewed 
tlie  structure  of  a pseudo-morphous  crys- 
tal, consisting  of  a number  of  individual 
crystals,  loginning  at  the  surface  and 
meeting  in  the  inside  of  the  original 
cr)’stal.  The  same  effi*ct  was  pro- 
diuH'd  at  the  same  temperature  on  the 
hydrous  sulphate  of  zinc  : hence  lie  in- 
fers that  a movement  of  the  particles 
of  a solid  l)ody  may  take  place,  by  which 
the  particles  take  a new  symmetrical  ar- 
rangement, and  form  a new  mineral 
species. 

Tiic  most  extraordinar)*  fact,  however, 
discovere<l  by  Professor  Mitscherlich 
relates  to  the  influence  of  heal  on  the 
double  refraction  of  sulphate  of  lime. 
In  this  mineral,  which  has  two  resultant 
axes  in  the  plane  of  the  lamina*  inclined 
60°,  these  two  axes,  P,  P,  fig.  33,  gra- 
dually approach  with  lieat  till  they  unite 
at  O,  and  when  further  heated  they  again 
open  out  on  each  side  of  o towards  A 
and  B. 

An  analogous  fact  of  equal  interest  has 
been  recently  observed  by  Dr.  Brewster, 
in  Glauberite.  Tliis  crjstal,  at  ordinary 
temjieratures.  has  one  axis  of  double  re- 
fraction for  violet,  and  two  axes  for  red 
light.  By  applying  a heat  below  that  of 
Ixiiling  water  the  weaker  axis  for  red  light 
disajpeared  altogether  in  consetjuence  of 
the  two  resultant  axes  P,  P,  fig.  33, 
uniting  in  O.  By  a slight  increase  of 
heat,  the  resultant  axes  again  opened  out 
in  the  plane  A B,  indicating  the  creation 
of  a new  axis  for  red  light.  By  the  ap- 
plication of  artificial  cold  the  single  axis 
for  violet  light  at  O opened  out  towards 
P and  P,  producing  two  resultant  axes  in 
the  same  plane  as  that  of  the  two  axes 
for  red  liijht  at  ordinary  temperatures. 
At  a certain  tempemture  the  violet  axis 
also  opened  up  in  the  plane  AB.  • 


* Biinbttrgh  3Va«iocO*oiM,  toI  xi, 
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Conclusion. 


W*  have  thus  endeavoured  to  lay  be- 
fore the  reader  a general  view  of  the 
facts  and  laws  which  constitute  this  new 
and  curious  brancli  of  Optical  Science. 
In  so  far  as  the  exclusion  of  mathemati- 
cal illustration  can  accomplish  it,  these 
treatises  will  be  sufficiently  intelligible 
to  ordinary  readers ; though  the  author 
feels  that  the  subject  is  susceptible  of 
Ireing  treated  in  a still  more  jiopular 
form.  This,  however,  could  only  have 
been  accomplished,  either  by  diffuse 
illustration  totally  incompatitde  with 
limitation  of  space,  or  by  an  imiierfect 
view  of  tlie  subject,  which  would  have 
excited,  without  gratifying,  scientific  cu- 
riosity. His  object  lias,  therefore,  been 


to  condense  into  two  Treatises  the  most 
important  phenomena,  and  to  explain 
them  with  as  much  perspicuity  as  he 
could,  within  such  narrow  limits. 

Those  who  wish  to  study  the  ■subject 
more  deeply  are  referred  to  Biot’s  Traitc 
de  Physio^,  tom.  iv. ; the  article  Op- 
tics in  Dr.  Brewster’s  EncycJnpcpdia ; 
the  Art.  Polarisatio.v  in  the  Supple- 
ment to  the  Ency.  Brit.;  Mr. Herschel’s 
Treatise  on  Light;  and  to  the  various 
paiiers  published  by  Dr.  Brewster  in  the 
Philosophical  Transactions,  from  1813 
to  1819;  in  the  Edinburgh  Transac- 
tions, vols.vii.  viii.  ix.  and  x.;  and  in 
different  Numbers  of  tlie  Edinburgh 
Journal  of  Sdenet, 
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MADE  USE  OF  IN  THIS  VOLUME. 


ABERRATION  (I^tln  ah^rrarfy  tostmy) 

iis  simply  any  wandering  of  a Inxly  fnim 
the  path  in  which  it  is  expected  to  move. 
In  Natural  Philosophy,  the  term  is  used 
with  respect  to  the  rays  of  light.  In 
Astronomy,  for  example,  the  apparent 
place  of  a star  differs  from  the  true;  he- 
cause,  light  not  being  instaiitHnoous  in 
Its  progress,  the  earth  will  have  moved  so 
far  in  her  orbit  while  the  particle  of  light 
which  renders  the  star  visible  is  passing 
to  tbe  eye ; and,  hence,  the  tube  chmiigh 
which  we  view  the  luminary  must  t»e 
directed  forward,  on  a similar  principle 
as  the  fowler  points  his  gun  before  the 
bird  w'hich  he  w*otild  shoot  in  its  flight. 

, SPHERICAL.  The 

intention  of  spherical  lenses,  or  of  con- 
cave mirrors,  is  th.n  the  rays  of  light 
should,  in  the  former  case,  be  refracUnl, 
and  in  the  latter  reflected,  so  as  to  con- 
verge and  me«*t  in  a single  point  or  foeui. 
In  practice,  the  rays  are  gimerally  found 
to  deviate  from  that  |x>int,  and  thisdevi- 
nliun  is  termed  the  Spherical  aberration 
of  the  lens,  or  of  the  mirror.  These 
alterrations  proceed  from  two  cau.ses  : 
from  the  fomt  of  ctirvature  of  the  lens, 
or  <»f  the  reflector,  and  from  the  different 
refnmgihiliiy  of  the  rays  of  light. — See 
Ref ra  nffihUUy. 

ABSC'I.S.SA. — See  Conic  Seetiont. 

ACC^ELERATION  is  an  increase  In  the 
rapidity  of  the  motion  of  a moving  l>ody. 
Thus  it  being  found,  by  experiment, 
that  n stone,  or  other  body,  falling  to  the 
earth,  moves  faster  and  faster  as  it  de- 
scends, the  motion  is  said  to  be  cori/t- 
nMa//y  accelerated, 

ACCELERATED  FORCE  is  the  in- 
creased  force  which  a body  exerts  in  con- 
sequence of  the  acceleration  of  its  motion. 

MOTION.— See  Acce- 
leration. 

ACCIDENTAL  COLOURS.  If  wc  look 
iiitensely  with  one  eye  tipon  aiiycohmred 
spot,  such  as  a wafer  placed  on  a sheet  of 
white  paper,  and,  immediately  after- 
wards, turn  the  same  eye  to  another  part 
of  the  paper,  we  shall  see  a similar  sjxit, 
but  of  a different  colour.  Thus,  if  the 
wafer  be  red,  the  seeming  spot  will  l>e 
green;  if  black,  it  will  be  changed  into 
white;  and,  in  the  same  manner,  every 
colour  has  a corresponding  one  into  which 
it  is  transformed.  These  corresponding 
spots  are  termed  Accidental  ColowSy  or 
Ocular  Spectra. 

ACHROMATIC  (from  the  Greek  a priva- 
tive, and  chroma^  colour)  signifies  toiih- 
t!ut  colour.  Objects, when  viewed  throngh 


an  ordinary  telescope,  appear  to  bo  co- 
loured  round  their  edges,  on  account  of 
the  different  refrangihility  of  the  rays  of 
light ; and  ieleseopes  wliich  are  construct- 
ed so  as  to  counteract,  or  prevent,  tltia 
al>erration,  are  denominated  Achromatic. 

ACTING  POINT.— See  ^faehine. 

ACTION  is  that  motion  which  one  body 
produces,  or  endeavnura  to  produce.  In 
another.  Mechanical  Action  is  exerti*d 
either  by  peroussion  or  by  pressure  ; and, 
in  cither  case,  the  force  exerted  by  the 
acting  hiKly  is  repelled  in  an  equal  di^grt'e 
by  the  l»ody  on  which  it  acts.  Thus,  in 
driving  a nail  with  a hammer,  the  stroke 
acts  as  powerfully  against  the  face  of  tho 
hammer  ns  against  the  head  of  the  nail  ; 
and,  in  pressing  the  hand  upon  a stone, 
the  pressure  upon  the  stone  is  equally 
irripn>ssed  upon  the  hand.  In  each  of 
these  cases  the  impulse  is  counteracted 
by  what  is  termetl  the  Re.ae/ionf  and 
that  Action  and  Ue-action  arc  always 
equal”  is  not  only  laid  down  as  an  axiom 
ill  mechanics,  hut  is  understood  to  be  a 
general  law  of  nature, 

ACTIVE  FORCE.— See F’orc#. 

AC  UTE  ANGLE.— See 

ADA.MANTINE  SPAR.— See  Corundum 
and  Spar. 

ADULARIA._See  Feldepar, 
AERIFORM  BODIES,  or  AERIFORM 
FLUIDS. — See  Gas. 

AGATES  are  not  simple  stones,  but  ag- 
gregates of  different  species,  such  as 
quartz,  flint,  amethyst,  Ac. ; all  differing 
in  colour  and  transparency,  hut  sliding 
into  one  another  by  almost  imjierceptihle 
gradations.  The  Moeho-stoneSy  w'hirh 
appear  as  if  they  contain  little  stems  of 
moss,  are  Agates  ; and  so  are  the  varie- 
gated Scotch  pebbles. 

AIR,  IN  A POPULAR  SENSE,  is  that 
transparent  invisible  fluid  which  snr- 
ronmis  the  earth,  and  in  which  we  move 
and  breathe.  It  is  also  termed  Comment 
Airy  and  Almosji^tsrie  Airy  to  distinguish 
it  from  the  other  gases.— See  Gas  and 
Atmosphere. 

— , IN  A GENERAL  SENSE,  is  any 
permanently  elastic  fluid  which  is  so  si- 
milar, in  this  and  other  qualities,  to  com- 
mon air,  as  to  be  properly  classified  under 
the  same  general  name. — Sec  Gas. 

— , CONDFjNSED,  is  air  rendered  more 
dense  hv  l>eing  subjected  to  pressure. 

, ETHEREAL,  or  ETHER,  is  an 

imaginar)'  fluid,  supposed  by  some  to  till 
all  space  beyond  the  atmospheres  of  the 
earth  and  other  planets. 

— , PRESSURE  OF,  a term  sometimes 

U 
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iistnl  in  place  of  the  or  the  prct- 

sure  of  the  almo^phere.  — Sec  Atmos- 
phere. 

AIH,  UAREFItll).-— See 

AIU-TKillT,  that  decree  of  closeness  in 
any  vessel  or  lube  which  prevents  the 
]*a«satfe  of  air. 

AIU-VKSSKli,  ft  vessel  in  which  air  is 
condensed  by  pressure,  for  the  purpo!*e  of 
employing  the  re-action  of  its  elwticity 
ns  a moving  power. 

AMKTIIVj^T. — See  CorunAum. 

ANALCIME  is  a stone  which  is  found 
“ in  grouped  cr>’stals,  de|>osited  by  water, 
in  the  fissures  of  Imrd  lavas.'*  It  melts 
under  the  blowpipe  into  a semi-transpa- 
rent glass.  It  is  also  calUnl 
See  Puiarisntion  of  Lit/hty  page  39. 

ANfiEE.  When  two  straight  lines,  not 
lying  in  the  same  direction,  m A C and 
It  C,  meet  in  a point,  a.s  at  C,  the  open- 
ing between  them  is,  in  common  lan- 
guage, called  a nook,  or  comer;  and,  in 
Clis)metry,  au  anplc.  Tims,  the  opening 
at  C is  culled  the  angle  A C it. 


Fiff.  1. 


Mathematicians  liave  modes  of  ex- 
pressing the  comparative  extent  of  such 
openings,  or  angles.  Thus,  in  figure  1, 
draw,  rotind C,  as  a centre, a dreJe  bn  a 
dffef,  extending  the  line  HO  until  it 
meet  the  circle,  which  will  Ik?  thus  cut 
into  two  equal  parts,  or  Semicircles.  Let 
the  circumference  of  this  circle  he  di- 
vided into  3fJ0  equal  parts  (for  all  circles 
ftro  Rupp<»se<l  to  Imj  so  divided)  and  the 
number  of  those  parts  that  are  contained 
In  the  portion  an  by  which  is  called  an 
ArCy  is  the  measure  of  the  angle  A G B. 
As  llui  figure  is  here  drawn,  il>c  numhep 
of  parts  art*  forty,  and,  therefore,  A C B 
is  said  to  Iks  an  angle  of  forty  Dt'grecSy 
and  thus  marked  4U*’.  Every  degree  is 
Riippoaed  to  l>e  sulHlivided  into  sixty  equal 

fiarts,  callcfl  Mitiutesy  and  those  again 
nto  sixty  still  more  minute  parts  tomietl 
Secondsy  and  even  Thmlsy  each  a sixtisili 
part  of  a second,  are  calmlated  by  astro, 
nomors  Such  siiMivislons,  however, 
can  refer  only  to  drch?s  of  a large  diame- 
ter, and  arc  niouMired  by  means  of  in- 
ctniments. — See  Vernier 

A whole  circle  containing  the  S8« 


mlcircle  will  contain  UW®;  and  if,  at  the 
jxjint  C,  we  draw  a straight  line  C d,  so  as 
to  cut  the  semicircle  into  two  e<iual  parts, 
or  QuadranUy  each  of  these  quadrantal 
arcs,  da  by  and  dge,  will  contain  90®, 
being  the  measure  of  the  angles  dCD 
and  rfCc,  which,  l>eing  equal,  are  each 
termed  a liight  angle;  and  the  line  Cd, 
neither  inclining  to  the  right  hand  nor 
the  left,  is  called  a Perpendicular  to  the 
line  e by  the  Diameter  of  the  circle.  Any 
line  from  the  centre  C to  the  circum- 
ference, as  C e,  C d,  C o,  and  C 6,  for  they 
are  all  equal, ix  the  Radius.  M’hen  an  angle 
is  less  than  90®,  it  is  called  an  Acute  angle^ 
such  as  A C B first  mentioned  ; but  when 
it  exceeds  a right  angle,  as  A C e does,  it 
is  said  to  l>e  Obtuse, 

If,  on  the  same  figtire,  we  draw  a line 
hhy  perpendicular  to  C B,  touching  the 
cirrie  at  b and  the  line  A C at  ; then 
A 6 is  termed  the  Tangcnly  and  h C the 
Secant  of  the  angle  A C B ; that  is,  they 
are  the  tangent  and  the  secant  of  an  angle 
of  40\  when  C6  is  the  radius.— bee 
Fangent. 

Again ; if,  from  the  point  a,  we  draw 
another  line  ai,  also  perpendicular  to 
C B,  this  line  (o»)  is  termed  the  Sine  of 
the  same  angle  A C B ; and  the  part  i A, 
(cut  off  from  the  semidiameter  or  radius 
C&)  is  the  Versed  Sitie.  A straight  line 
a b drawn  from  a to  6 is  called  the  Chord 
of  the  arc  am  b.  It  is  the  cord  or  string 
of  the  bow  (the  Latin  arcus).  These 
lines  are  the  rine,  tangent,  bic.  of  the 
arc  or  angle  of  the  circle  here  represented ; 
but  were  it  increased  ever  so  much,  tho 
number  of  degrees  would  still  be  tho 
same,  though  larger,  and  the  lengths  of 
tho  sine,  tangent,  Ac.,  would  bear  tho 
tamo  proportion  to  the  new  radius  as  they 
now  do  to  C B. 

ANGLES  of  INCIDENCE,  REFLEX. 
ION,  and  UEFIIACTION.— See 
ion  and  Refractive  Power. 

of  DRAUGHT.  When  a power 

is  applied  to  drag  or  roll  a body  over  o 
plane  surface,  It  has  to  overcome  two  ob. 
Stacies  : one  is  the  friction  of  the  surface 
over  which  the  body  slides  or  rolls ; and 
the  other  is  the  weight  of  the  body  itself* 
Tliere  is,  in  every  case,  a certain  dlreo. 
tion  of  tlie  drawing  power  which  is  boat 
adapted  to  overcome  these  conjoined  ob- 
Stacies  ; and  the  angle  made  by  the  lino 
of  direction  with  a line  lipon  the  plane 
over  which  the  body  is  drawn,  and  per- 
pendicular to  that  line  of  direction,  U 
termed  the  Angle  cf  Draught.  Calcu. 
latlons  on  this  subject  in^  be  seen  at 
pp.  19 — 2C  of  Jlfeehaniesy  Treatise  iil« 

ANHVDUOUS.— See  Ifgdrate. 

APEX. — See  Cons. 

APOPHYLLITE,orFISH-EYE-STONB, 
it  a sc.aroe  mineral,  haring  a pearly  lustre, 
like  to  tho  species  id  feldspar  called  moon- 
stone. Its  crystals  are  various,  and  oftai^ 
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with  thick  tables  irregularly 
piled  and  ^rown  together.  It  has  a white 
milky  colour,  but  in  its  divided  portions 
it  is  usually  transparent.  This  mineral 
is  found  in  the  iron  mines  of  Uto,  in 
Snderraania,  a province  of  Sweden. 

AQUKOL^S  VAPOUR  { Utin  071/a,  water) 
is  tlio  vapour  of  water. — See  TopoMr. 

ARC  OK  A CIRCLE  — See  Angfe, 
ASYMPTOTES  OF  AN  HYPERBOLA. 
— See  ronic  Sect\nn$, 

ATMOSPHERE  (Greek  a/mo«,  vapour, 
and  $phairay  a i^Iube)  is  that  sphere  of  air 
which  surrounds  and  includes  the  earth, 
and  is  the  common  receptacle  of  all  its 
vapours  and  exhalations.  Its  heij^ht, 
taken  as  that  to  which  the  vapours  are 
supposed  to  ascend,  or  that  where  the  rays 
of  Hffht  cease  to  be  reflected,  is  generally 
understood  to  be  between  forty  and  fifty 
miles. 

ATMOSPHERE,  PRESSURE  AND 
WEIGHT  OF.  The  atmosphere,  like 
other  Ixxiies,  gravitates  towards  the  earth. 
It  has  consequently  weight  and  prenimre. 
The  pressure  u]>on  every  square  inch  of 
the  earth’s  surfjire  is  equal  to  the  weight 
of  a column  of  the  whole  height  of  the 
atmosphere,  an  inch  square.  This  weight 
varies  with  the  elevation  of  the  ground 
and  the  fluctuating  density  of  tlie  air  ; 
but  it  is  found,  at  an  average,  at  the  level 
of  tho  sea,  to  be  alfout  fifteen  jKmnds ; 
and,  as  fluids  preu  eoiially  in  all  dircc- 
tions,  according  t/>  tneir  heights,  the 
same  pressure  is  exerted  on  tlie  square 
inch  of  the  surface  of  every  body,  on 
this  globe,  to  which  the  atmosphere  lins 
access. 

ATMOSPHERES,  ONE,TWO,TIlKEE, 
&c.  The  elasticity  of  air  incre;js4‘s  with 
its  condensation ; and,  the  ordinary  pre.s* 
«ure  being  fifteen  ptninds  on  the  square 
inch,  a condensation  which  produces  a 
pressure  of  thirty  pounds  on  the  inch  is 
termed  hco  atmoMphcre»  j that  which 
gives  forty-five  pounds  presstirc  is  three 
atmospheres,  and  soon.  Pressures  arising 
from  other  causes,  sucli  as  the  weight  M 
liquids  and  the  force  of  steam,  are  also 
frequently  ronntc<i  by  atmospheres. 

ATTR.\ClriON  (from  the  l*atin  affra- 
here,  to  draw  to)  is  a name  given  to  that 
tendency  which  bodies  have  to  approach 
one  another,  when  no  obvious  cause  is 
recognised.  It  differs  from  gravity  in 
l>eing  a more  general  term  ; gravity  is  a 
species  of  attnirtion.— See  Orarilg. 

CAPILLARY See  Ca- 

fnlhry  Aiiraction. 

CHEMICAL.— Sm  Che- 

mieal  Attraction. 

of  COHESION.— See  Co- 

he%ion. 

AXIS  OF  AN  ELLIPSIS,  PARABORA, 
Ac. — Sec  Conic  Sections. 

AXIS  OF  REFRACTION.— See  He/rw 
tive  J^Qwer, 
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AXIS  OF  A CONE. — See  Cone. 

BALANCE  is  a lever,  turning  on  a pivot 
or  fulcrum.,  constnicted  for  the  purpose 
of  finding  the  weight  of  different  Ixidies. 
The  lever,  or  rwl,  of  a balance  is  termed 
the  beam,  and  tho  parts  of  the  beam  on 
each  side  of  the  pivot  on  which  it  turns 
are  its  arms.  M’hen  those  arms  are  equal, 
it  is  the  common  balance  < and  its  ends, 
to  which  the  body  to  lie  weighed  and  its 
equivalent  counterpoise  are  liung,  aro 
called  il»e  points  of  suspension.  Other 
kinds  of  balances,  as  the  Homan  balance^ 
or  steelyard,  the  Danish  balance,  Ac. 
are  described  in  Meehanics,  Treatise  ii. 
chap.  V. 

BAROMETER  (Greek  baros,  weight), an 
instniment  for  measuring  the  varying 
weight  of  the  atmosphere.  It  is  parti* 
ciilarl^  descrilied  at  pp.  6 — 14  of  tho 
Treatise  on  Pnetimatics.  The  vnrant 
space  at  the  top  of  the  tube  is  called  the 
Torricellian  ffacuum,  from  TorricelHy  tho 
inventor  of  the  instrument. 

BERYL. — See  Emerald. 

BODY  is  any  determinate  part  of  matter. 
BOILING  is  that  rolling,  bubhling  appear, 
ance  which  water  and  some  other  liquids 
assume,  when  they  are  converted,  by 
means  of  heat,  into  steam  or  vapour.  It 
is  also  termed  Ebullition. 
BOILING-POINT.  M'hen  a thermometer 
Is  immersed  in  any  particular  fluid  that 
is  in  a state  of  ebullition,  the  point  of  the 
scale  of  the  thermometer  which  marks 
the  measure  of  heat,  in  that  boiling  fluid, 
is  its  6oi7in^potn/.  This  point  varies 
with  the  nature  of  the  fluid  and  the 
ressure  of  the  air  under  which  it  bolls  ; 
tit  the  boiling-point  of  a fluid,  generally 
sjieaking,  is  that  degree  at  which  ebulli- 
tion  is  prodiicwi  under  the  medium  weight 
of  the  atmosphere. 

BURNING-GLASS  is  a glass  lens  which 
refracts  the  rays  of  the  sun  into  a focus. 
The  solar  rays  may  be  also  brought  to  a 
focus  by  reflexion  from  a concave  mirror, 
then  called  a burning  mirror. 

CAIRNGORM,  a species  of  quartz — See 
Quarts. 

CAIA!.\REOUS  SPAR  is  a CTystalHz/*d 
carhotuite  of  lime.  One  of  the  purest 
varieties  has  the  name  of  Iceland  spaty 
though  it  is  not  peculiar  to  that  islaml. 

CAI/ORIC  (I^atin  ca/or,  heat)  is  an  ima- 
ginary  fluid  sttbstance  suppos^  to  l>e  dif. 
fused  through  all  iKnlies  \ and  the  sen- 
sible effect  of  which  is  termed  heat.  M’ith 
chemists,  caloric  is,  properly,  the  matter 
producing  the  sensation,  and  heat  the 
sensation  itself.  The  terms,  however, 
are  often  confounded,  the  word  heat  lieing 
used  l>oth  for  the  cause  and  the  effe/’t. 
Caloric  produces  other  efforts  l»esldes  the 
sensation,  namely,  the  expan.sion,  rare- 
faction, and  liquefaction  of  iHtdies. 

CONDUCTORS  OF.— See  Ctm^ 

ductors  of  Calorie* 
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CALORIC,  LATKNT,i»  that  portion  of  the 
flniil  matter  of  heat  which  oxisU  in  any 
h<xly  without  pro<iucing  any  effect  upon 
anotiier ; what  prcnluces  an  effect  being 
icrined  free  or  teneiUe  Ca/orio. 

. — ...  ■■  SPECIFIC.  Although  all  iMxliea 
ponaeas  some  quantity  of  Caloric  which  is 
latent^  yet  the  quantity  in  each  varies 
with  the  nature  of  the  Unly.  The  rela- 
tive proportion  that  any  body  retains 
without  the  effects  being  sensible,  is 
ttmneil  the  Spec'xfic  Caloric  of  that  l>ody; 
and  its  power  of  retention  is  called  its 
Cajmrity  for  Caloric, 

CALORIFIC  UAV8  are  those  rays  or 
emissions  from  the  sun,  or  any  burning 
iKHly,  which  impart  the  sensation  and 
other  effects  of  heat. 

CAJ'ACITY  FOR  HEAT.— See  Ca/er/c, 
S)tec'tfic. 

CAPILLARY  TUBE.  A hair  (Latin  ca- 
mllus)  is  a tube;  and  hence  tubes,  winch 
arc  so  small  as  to  be  likened  to  hairs,  are 
termed  Capillary  Tubex. 

ATTRACTION.  If  an 

open  capillary  tube  be  placed  tipriglit, 
with  iu  lower  end  immersed  in  a vessel 
of  water,  the  liquid  will  rise  in  tlie  tube, 
to  a greater  height  than  the  surface  of 
that  which  surrounds  it.  This  is  not  in 
conformity  with  the  commonly  observed 
laws  of  the  ascent  of  fluids  ; and,  there- 
fore, the  cause  of  the  phenomenon  is  de- 
nominated Capillary  AUraclion 

C'ATOPTKICS,  that  part  of  the  science  of 
which  treats  of  the  Reflexion  of 

Light. 

CENTIGRADE  THERMOMETER.— 
See  Thermometer. 

CENTRE  OF  GRAVITY.— See  Gravity, 

OF  GYRATION, -See  Gyra. 

lioiu 

OF  PERCCSSION.— See  Per. 

ctitJtion, 

OF  PRESSURE.-Seo  Pressure, 

CENTRIFUGAL  FORCE  is  that  by 
wljich  the  parts  of  a body  moving  round 
a centre  endeavour  to  recede  from  tliat 
centre.  Thus,  if  a stone  be  tieil  to  one 
end  of  a string,  and  swimg  round  in  a 
drclo  while  the  other  end  of  the  string  ii 
held  by  the  liand,  as  the  centre  of  motion, 
the  Slone  will  l>e  felt  pulling  the  hand  ns 
if  endeavouring  to  escaj»e  ; and,  in  fact, 
if  allowed,  would  fly  olf  in  a tangent  to 
the  circle  in  which  it  moves.  It  is  thus 
that  a stone  is  projet'ted  from  a sling. 

CHEMICAL  CO.MBINATION  is  that 
intimate  union  of  two  substances,  whe- 
ther  fluid  or  solid,  which  forms  a 
ponnd  differing  in  one  or  more  of  its 
essential  qualities  from  either  of  the  con- 
stituent iiodies. 

CHORD  OF  AN  ARC.— See 

(’ll  R().'WATrC,S  (from  the  Greek  chroma,, 
colour)  is  that  division  of  the  scieiux*  of 
Optics  wliidi  treats  of  the  colours  of 
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light,  their  several  properties,  a»id  the 
laws  by  which  they  are  sej>araUMl. 

CH  ROMATIC  VERNIER— See  Vernier. 

CIRCLE  OF  GYRATION.— See  Gyro- 
tion. 

CIRCUMFERENCE.— See  Perimeter. 

COHESION  (l^atin  cchartre,,  to  stick  to- 
gether) is  that  relation  among  the  Cf>m- 
ponent  particles  of  a body,  by  which  they 
are  found  to  cling  together,  requiring 
more  or  less  effort  to  force  them  asunder. 

ATTRACTION  OF,  is  a 

name  given  to  the  unknown  prlnciplo 
which  makes  the  particles  of  a body  cohercy 
or  Slick  tf^etlier. 

COLOUR  is  a general  name  for  those  mo- 
difleations  of  Light  (whether  direct  or 
reflected  from  other  Inidies)  by  which  it 
is  distinguished  into  species  that  affect 
the  eye  with  separate  sensations.  The 
colour  of  a body  is  designated  by  the  spe- 
cies of  light  whicli  is  reflected  from  ita 
surface. 

COLOURS,  ACCIDENTAL.— See  Acer, 
dental  Colours 

PRIMARY.  These  arc  rrrf, 

orange,,  yellofCy  green^  6/«c,  indigo,  and 
violcty  being  the  seven  different  colnura 
into  which  a solar  ray  of  light,  which  is 
fc/ii/e,  may  In*  decoinposiHl  or  s<*parated. 
White  is,  therefore,  a compouml  of  tlutse 
seven,  and  black  is  the  absent}  of  all 
colours. — See  Prixmatie  Spectrum, 

CO.MBINATION  OF  BODIES.  — See 
Chemical  Combination. 

CO.M.M  ENSURABLE.— See  Jlntlo. 
CO.MP081TION  OF  FORCES. -See 
Forces,  Composition  of. 

CO.’^IPHESSIBIIATY  is  that  quality  of  a 
substance,  whether  solid  or  fluid,  which 
.allows  it  to  be  pressed,  or  rather  squeezed. 
Into  a less  hulk  than  it  naturally  occu- 
pie.s.  The  ultimate  particles  of  all  bodies 
ore  supposed  to  be  incompressible. — See 
Hardness. 

CONCAVE  :HIRR0RS.— vSec  Mirror. 

LENSES. — See  Lent. 

CONDENSATION  is  causing  a ma.ss  of 
mutter  to  occupy  less  space  by  means  of 
the  closer  approach  of  its  particles.  When 
this  is  done  by  outward  force,  it  is  rooi- 
pression.  The  term  is  ctimmonly  uschI 
with  regard  to  air,  gas.  ami  vapours. 
The  two  former  are  condensed,  and  their 
ela.niicity  increas(*d  by  comprt^ssion  ; and 
the  latter  are  condensed  into  liquids  and 
solids  hv  cold 

CONDUCTORS  OF  CAI/ORIC,  OR  OF 
HE.\T,  are  iMKlics  which,  when  heated 
in  one  part,  C4immunicate  the  effects  to 
the  otlier  parts.  This  is  the  rase  with 
nn»st  natural  IkmHcs,  but  some  have  that 
p«)wer  in  a much  greater  degree  than 
others:  thus  a rod  of  dry  wood  may  ho 
burncNl  at  one  end,  while  tlie  other  end 
slmll  Ik;  little  affected. 

CONE.  A cooe  is  a solid  with  a circular 
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hose,  and  Upennfi^  equally  iipn-ardti  until 
it  terminates  in  a point.  M'ere  the  base 
a h^ire,  the  solid  would  bo 

calliHl  a i-*yrafnid;  and,  in  either  case,  all 
lines  drawn  from  the  Prripher^^  or  bound- 
ing line  of  the  base,  to  tlte  top,  (which  is 
termed  the  Ape*  or  Fertoj*,)  are  straight 
lines. 

The  surface  of  a cone  may  be  conceived 


as  fonnetl  by  the  ang»ilar  motion  of  a 
straight  Hue,  one  end  of  vlticli  moves 
along  the  Circumference^  or  outline  of  tlie 
circular  base,  wliile  the  other  cud  con. 
tiimes  either  to  touch,  or  Co  pass  through 
a fixed  point  above  tliat  base.  Tlie  fol. 
lowing  explanation  is  applicable  to  each 
of  the  annexed  figurcN > 

Let  the  straight  line  A B {Jip,  2.)  he 


2. 


so  placed  as  to  rise  above  the  circle  B a 
1)  &,  which  it  touches  at  B.  Let  the 
end,  B,  of  this  line  be  moved  along  the 
whole  of  tlie  drciimference  B a D 6,  while 
the  same  lino  always  touches  the  fixed 
point  C.  The  line  C B will  then  have 
marked  out  the  surface  of  a cone  C B D, 
similar  to  the  paper  cones  in  the  grocer's 
shops.  While  the  line  C B has  thus 
traced  the  cone  CB  D,  the  other  portion 
of  the  line,  CA,  will  have  described  an 
inverted  cone  ACE,  with  its  circular  top 
EcAd.  These  opposite  cones  are  similar, 
having  the  angles  EGA  and  BCD,  at 
the  common  a]>ex  C,  equal.  Had  the 
line  A B been  unequally  divided  at  C, 
the  two  cones  would  have  still  been  siml. 
lar,  but  not  equal.  A right  lino,  C o, 
drawn  from  the  vertex  C to  the  centre  of 
the  ba.se  o,  is  termed  tho  axis  of  the  cone. 
When  this  axis  is  at  right  angles  to  the 
base,  the  solid  is  termed  a Hii/ht  cone  ,* 
otherwise,  as  In  the  right-hand  figure,  it 
is  an  Ob/iquey  or  Scalene  cone.  In  the 
former  case,  the  sides  C D and  C D are  of 
equal  length  ; in  the  latter,  they  are  un> 
equal. 

CONGELATION  is  that  state  of  certain 
fluids  in  which  they  thicken  and  liocome 
partially  or  wholly  solid.  Tims  water, 
at  a certain  temperature,  is  converted 
into  ice,  and  the  skins  of  anirnnhs,  when 
disso]vc<l  in  water  hy  boiling,  congeal  in 
cooling,  and  become  glue. 

CONIC  SECTIONS.  Sections  are  cut~ 
tinge  ; and  Conic  Sections  is  a name  for 
that  science  which  treats  of  the  proper, 
ties  of  c^tain  curves  that  ore  formed  by 


tho  cutting  of  a cone.  If  a'cone  l>e  cut 
by  a plane  parallel  to  t he  base,  the  section 
(or  flat  surface  of  the  cut)  will  l>e  a circle; 
and  if  it  he  cut  hy  a plane  passing  through 
the  vertex,  the  section  will  he  a triangle. 
But  neither  tho  circle  nor  the  triangle 
are  treated  of,  under  the  head  of  Conic 
Sections ; l»ecause  they  belong  to  ordi- 
nary Oet>metry.  There  are,  lupwever, 
three  other  sections, — the  Ellipsis,  tlie 
Parabola,  and  the  Hyperbola. 

I.  1.  If  tbecoiio  {Jig.  3.)  1)6  cut  by  a 
plane  which  passes  through  both  the 


V 


sides  A B and  A C,  the  outlino  of  the 
section  will  be  an  ellipsis.  Or,  if  it  be 
nit  in  llie  direction  ert,  which  cuts  tho 
base,  it  will  still  be  a portion  of  an  ellip- 
sis ; because  Uus  plane  would  meet  the 
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u<)o  A n at  D,  were  ibo  cone  extended  in 
aiae  dowiiwanl*,  and  the  ellipsis  would 
be  completed  as  in  the  dotted  j>art  of  tho 
figure. 

S.  If  tho  CA.mo  (^-4.)  l«e  cut  by  a piano 
parallel  to  one  of  the  side*  AB)  the 
outline  of  the 
section  will 
)>e  a Parabola. 

This  curve 
never  returns 
upon  itself; 
that  is,  it  ne- 
ver completes 
its  round  like 
the  circle  and 
ellipsis.  On 
tlic  C()ntra- 
ry,  it  would 
spread  out 
wider  and 
wider,  were 
the  rone  ex- 
tended ; l»ecause,  the  plane  being  parallel 
to  A 11,  will  always  cut  thediameterof  the 
luise  at  an  et(ual  distance  from  the  side. 

3.  IfiheconeABC  rip.  6. 

(^p.5.)  l>e  cut  by  a 
plane  a 6,  which,  if  Dt 
extended,  would  cut 
the  opp4isite  cone 
A D K iuc,  passing 
through  to  dy  the 
lecliuiis  of  both 
cones  will  exhibit 
curves  ex|Kimliug 
OunlimiuHy,  like  the 
paralMila,  l>ut  with 
dilTefeiit  properties. 

They  are  tenuud 

ily{H*rbolns. 

The  distino* 
tlon  Iwtween  thi»su 
curves  will  lie  more 
easily  perceivnl,  BC 
when  tliey  are  ex-  a 

hihiUHl  on  a plane,  ndcpeodcmly  of  the 
cone. 

1.  Fiff.  C.  is  an  clli;»sis,  of  which  the 


rip.  C. 
E 


X>£,  is  the  CoM>oya/s  diamUr,  These 


lines  arc  at  right  angles  to  each  other; 
are  both  equally  dlNuded  at  the  centre  C, 
and  cut  the  ellipsis  into  four  equal  aud 
similar  portions : they  arc  also  tenned  the 
preaterand  the  fesser  //tm.  Any  other  line 
(as  q «)  which  posses  through  the  centre 
C,  and  tenninates  iu  opposite  points  of 
the  circumference,  is  also  said  to  be  a 
diameter.  The  two  points,  g and  A,  in 
the  transverse  diameter,  equally  distant 
from  its  ends,  A and  B,  are  (^led  tlie 
Fod,eachheingaFocus;and  these  points 
are  so  situated,  tliat,  if  we  take  any  |>omt 
fR,  in  the  circumference  of  the  ellipsis, 
and  draw  the  lines  m g and  m A from  that 
point  to  tlie  two  fod,  the  length  of  these 
lines,  when  joined  together,  will  always 
be  the  same,  at  whatever  part  of  the  dr. 
cumference  the  point  m may  he  taken. 
Any  line,  n o ;j,  drawn  across  the  ellipsis, 
parallel  to  C D,  is  a double  Ordinate^  its 
half,  p o,  or  o a,  Icing  called  an  Ordinate  ; 
and  the  part  A o,  which  the  ordinate  cuts 
off  from  tlie  greater  axis  AB,  is  an  Ab- 
scissa. 

9.  In  the  para>toln  (/ig.  7.),  the  line 
A B,  which,  passing  through  the  vertex 
A,  divides  tliu  figure  into  two  e«pui)  and 
siiniidT  iMirlions,  is  the  axis  of  the  para- 
bola. Any  lino  within  the  airvc,  drawn 
paralltd  to  the  axis  (as  well  a.s  the  axis 
Itself),  is  termed  a diametery  and  has  its 
vertex,  where  it  meets  the  curve  lino. 


Tho  (Miint  F,  iu  the  axis  A B,  Is  tho 
focus  of  tlie  curve;  uud  a line,  |>y,  at 
right  angles  to  Uie  axis  when  pi^uced 
tojr,  (Uiu  i>uinU  x and  F being  equally 
distant  from  tho  vertex  A)  is  called  tlie 
Direa/rix,  Thu  focus,  F,  U so  situated, 
that,  if  we  lake  any  point,  m,  of  the  pa- 
raltulic  curve,  and  from  that  point  draw 
the  right  line  m F, — and  nlw  anutlier 
right  liuo,  m/>,  p«^peiMiiculttr  to  the  di- 
roctrix,  and  meeting  it  at  py  the  two 
lines,  mVy  aud  m p,  will  bu  {ilways  of 
Otpuil  length.  As  ill  the  ellipsis,  any 
straight  line,  mon,  crossing  the  axis  at 
right  angles,  and  terniioating  at  both 
ends  in  the  curve,  h a double  ordinate ; 
«A0  and  on  ore  onlirtates;  aud  Ao,  tho 
part  of  the  axis  which  is  cut  off,  U the 
abscissa. 

3«  rig,  3,  shew  two  opposite  hy- 
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)>erlH))aa,  Mich  aa  wo  mny  coufoive  to  have 
cut  from  tho  u|>pi»ito  cones,  repro- 
bcnted  in  Jiy.  b ; the  lino  </  <i  iu  both 


Ftff.  «. 


fijfiires  Wing  different  view*  of  a ainglo 
line  in  the  cutting  plane;  and  the  part 
c b cut  off  by  the  cones  is  here  repre- 
sented by  tiie  line  A which  joins  tlie 
vertices  of  the  curves.  Bistvtiiig  A B in 
(■»  any  right  line  (as  pg)  drawn  through 
V (which  is  calle<l  the  cenfre),  and  termi- 
nating in  both  curves,  is  a iraruverse 
ffinmeter,  and  of  all  those  diameters  the 
an'r  A B is  the  shortest. 

Two  points  ff  and  A,  in  the  line  of  the 
yfxM,  e«jtially  distant  from  cither  vertex 
t)f  tlie  hyperbolas,  are  their  Foci, and  these 
are  so  situated  tliat,  if  we  take  any 
)H)iiit  m,  ill  either  of  the  cun’es,  and 
draw  the  straiglit  lines  tn  g and  m h,  the 
dilTerence  of  the  lengths  of  those  lines 
will  bo  always  etpial  to  A B,  the  shortest 
transverse  diameter.  Again,  as  in  the 
e]li}mi»  and  poralKda,  any  straight  line 
«non,  in  either  hy]»erhoIa,  cri>ssing  the 
axis  at  right  angles,  and  terminating  at 
both  ends  in  the  curve,  is  a double  fWI- 
nate  ; mo  and  on  are  Ordinate$,  and  o B 
is  the  Abxcissa. 

The  conic  sections  have  certain  pro- 
perties in  common,  but  the  hyperbola 
possesses  a peculiar  one,  which  is  often 
allmled  to,  and  usually  considered  us  ]m- 
radoxical:  two  right  lines,  rs  and  /u, 
may  W drawn  tlmmgh  the  centre  C, 
which  will  pass  alongside  of  the  different 
legs  of  the  two  hypcrl>olas ; and  although 
continually  approaching  nearer  and 
nearer,  these  curves  and  straight  lines, 
however  much  productsl,  would  never 
meet  each  other.  These  lines  are  called 
the  Atymptotea.  The  opposite  hyperlio- 
las,  here  descril>ed,  fill  two  angles  of  the 
eniis  formed  hy  these  asymptotes  : and 
the  two  blank  angles  might  1h*  iilled  with 
two  Other  hyperbolas,  of  which  y 9 would 


be  the  axis;  and  the  same  lines,  r»  and 
i u,  would  also  be  asymptotes  to  the  new 
curves.  In  sucli  a case  each  opposito 
pair  would  be  Conjugate  hyperbolae  to 
the  other,  and  the  shortest  Tranecerse 
diatneUr  of  the  one  pair  would  be  the 
Conjugate  diameter  of  tlie  oUier.  A very 
curious  account  of  coloured  rings,  croased 
by  opposite  hylierbolic  airves,  is  given  at 
pp.  24  , 26,  of  the  Treatise  on  the  Fola^ 
rieation  of  Light. 

It  will  be  observed,  that  In  every  conic 
section,  we  have  pointed  out  two  lines, 
at  right  angles  to  eacli  other,  called  the 
Ordinn/c  and  the  Abacieia*  At  whatever 
point  of  the  axis  (in  the  same  sort  of 
curve)  the  ordinate  may  bo  drawn,  these 
two  lines  will  have  always  the  same  rela- 
tion to  one  another ; and  the  algehraio 
expression  which  points  out  that  relation, 
in  each  figure  rcs]>ectiveiy,  is  termed  the 
Equation  of  that  curve.  From  any  one 
general  property  of  a curve,  all  its  other 
jiroporties  may  be  ascertained  ; and  ilio 
reasoning  that  enables  us  to  do  so,  in  tho 
Ellijme,  the  Parabola.,  and  the  Hyper- 
bola, constitutes  tlie  whole  of  the  doctrine 
of  Cmxie  Seetione, 

CONJlKiATE  D1AMETEU8.— See  Co- 
nic AVc/io«s. 

CONJUGATE  HYPERBOLAS.  — See 
Come  Scotio}v$. 

CONOID.  A conoid  is  a solid  which  may 
l>e  conceived  as  genemied  by  the  motion 
of  a parabola  or  of  a hyix'rliola  round  iui 
axis.  Some  have  included  the  spbernid 
in  the  class  of  conoids,  but  they  are  more 
tisiially  limited  to  the  Paraboloid  and 
the  Ityperboloid. — See  Spheroid.  Conoids 
arc  of  various  thicknesses  In  comparison 
with  their  height,  according  to  tho  pro 
]>onions  of  the  parabola,  or  hyperliola, 
by  which  they  are  generated.  The 
Solid  of  least  retislance,  spoken  of  at 
page  22  of  the  /'rc/iaiinary  Treatite,  is  a 
Conoid. 

CONVERGING  RAYS  are  rays  ofllght, 
the  ilirec^ion  of  which  is  such  that  tliey 
will  meet  or  cross  one  another  nt,  or  near 
to,  a common  centre.  Their  divergence 
from  tli.it  centre  is  termed  their  a^cmi- 
See  Aberration. 

CONVEX  LENSES— See  Lens. 

— MIRRORS — See  AGftw. 

CORUNDUM,  or  CORINDON,  a stone 
found  in  India  and  China,  whicii,  when 
crystallired,  has  ustinlly  the  form  of  a 
six-sided  prism.  The  diamond  w.xs  for- 
merly called  Ailamant ; and  the  cr\-s- 
tals  of  corundum,  living  next  in  hardm^s, 
have  the  name  of  Adamantine  Sjtar.  The 
Amelhy.^t.  Puby,  Sapphire,  and  Topaz  are 
considered  as  varieties  of  this  spar,  differ, 
ing  from  one  another  chieffy  in  colour. 
The  amethyst  is  of  a reddish  violet  co- 
lour; the  Is  red;  the  sapphire  is 
blue,  and  the  opaz  is  yellow.  These  are 
termed  oriental  gems ; but  stones  having 


Digitized  by  Google 


» EXPLANATION  OF  SCIENTIFIC  TERMS. 


tlie  same  names  arc  found  in  other  ooun> 
tries.  Topaaet^  in  jKirticular,  are  of  all 
colours. — See  Quartu. 

CRYSTALLIZATION  is  that  state  of  cer> 
tain  1kk1I«s  in  Trhich,  when  passing  from 
tlie  fluid  to  the  solid  form,  they  separate 
into  portions,  each  portion  (or  crystal) 
assuming  the  same  determinate  and  an. 
giilar  shape.  It  is  a species  of  rongela. 
tion,  hut  this  last  does  not  necessarily  in- 
clude the  idea  of  separate  crystals.  Ice 
was  called  crystal  {erystallos)  hy  the 
Greeks.  An  account  of  certain  cr>'stals 
will  be  found  under  their  several  names 
in  this  Glossary  ; but  to  have  included  all 
that  are  mentioned  in  the  volume,  would 
have  been  to  have  written  a work  on 
Crystallization. 

CUBIZITE.— Sec  Analcime. 

CURV’^ATUKE. — See  Curve. 

CURVE.  A straight  (or  */re/cAed)  line  is 
the  measure  of  the  shortest  distance  lie* 
tween  two  points.  A curre  or  c«rrr/i  line 
is  that  of  which  no  portion,  however 
small,  is  straight.  A crooked  line  may 
be  either  a curved  line  or  the  junctioii  oif 
two  nr  more  straight  lines  drawn  in  dif- 
ferent directions.  The  varieties  of  curve 
lines  are  innumerable ; that  is,  they  have 
dillerent  degrees  of  or  curva- 

ture. The  curves  most  generally  re- 
ferred to,  l>esi(]e  the  circle,  are  the  Ktlip~ 
jiis,  the  Parabola,  and  Jlpiterbola,  to 
which  we  may  odd  the  Cycloid. 

CURVES,  Evedutes  and  Involutes  of.  Ix*t 
a thread  be  wound  round  the  curve 

Fig.  0. 


C D A,  Axing  one  end  at  C,  and  carryhig 
the  other  nmnd  to  A.  If  we  unwind  this 
thread,  k(*eping  it  tight  upon  the  con- 
vexity of  the  curve,  its  end  A will  de- 
»cril>e  another  curve  A D E,  pa.ssing  fur- 
ther and  further  from  the  former  curve 
C 11  A,  as  the  string  gradually  lengthens, 
until  it  reaches  the  |H)inl  C,  where  it  is 
aujipoAed  to  1>«  Axed.  If  carried  further 
on  to  F,  the  length  of  the  thread  would 
continue  the  same,  and  the  arch  E F 
would  he  part  of  a circle.  The  primary 
curve  CBA,  that  round  which  the 
thread  was  wound,  is  called  the  Evolule., 
and  the  secondary  curve  A D E,  formed 
hy  the  unrolling  of  the  thread  (now 


stretclied  out  in  the  lino  C K)  is  termed 
the  Involute.  The  thread,  during  the 
progress  of  unwinding,  is,  at  every  point, 
a tangent  to  the  Evolute ; thus,  ut  the 
point  D,  it  is  a tangent*  to  C B A at  B. 
The  Involute  of  a Circle  is  descrilH>d, 
with  its' use,  in  Mechanics,  Treatise  ti. 
page  29.  It  is  a spiral. — See  Spiral. 

CURVES,  EQUATION  OF.— S<e  Conic 
Scetione. 

CURVILINEAL,  or  CURVILINEAR, 
designates  Agures  that  are  Imunded  by 
curve  lines.  Thus  a Curvilinear  sur- 
face is  that  which  can  be  touche<l  hy  a 
plane  only  in  one  point. — See  Tangential 
Plane.  A cone  and  a (V'linder  are  right- 
lined  surfaces  in  the  direction  of  their 
length.  A spircre  and  a spheroid  arc 
wholly  curvilinear. 

CYCLOID.  If  we  conceive  the  cirtdo 
b n a c d Xjo  roll  along  the  line  A R ; the 
point  a being  Arst  at  A,  and  ending  at 
B,  this  point  (a)  will  describe,  or  pass 
through  the  curved  line  A A p a ^ B, 
which  auve  Is  termed  a Cycloid.  .Sc<drig 
that  the  circle  rolls  over  the  whole  line, 
it  is  obvious  that  the  length  A B is  equal 
to  its  circumference,  and  the  general 
properties  of  the  curve  arc  these : that 
taking  any  point  h and  drawing  the  line 
hg  (parallel  to  the  line  on  wliich  the 
circle  rolls)  to  meet  the  circle,  when  in 
the  middle  of  its  motion,  at  g ; and  join- 
ing^  o,  tlie  line  A ^ is  always  etpial  in 
length  to  the  circular  arc  g n a \ aitd  tlie 
portion  of  the  cycloidal  arc  h p ah  always 
double  the  length  of  the  chord  g a. 
Further,  the  area  of  the  whole  cycloidal 
space  A B A 0 p A is  equal  to  thrice  that 
of  the  circle  g n a c d,  by  which  it  is 
formed. — See  Preliminary  Treatise^  p.  2l 
Fig.  10, 


A.  d 


CYLINDER.  A cylinder  is  a solid  having 
a circular  base,  and  which  ha.se  may  l>e 
considered  as  carrietl  upwards  in  a straight 
line,  and  continuing  the  circle  in  a pa- 
rallel direction.  It  is  a circuhar  pri<«m,  as 
a cone  is  a circular  pyramid.  When  the 
base  is  elliptical,  it  is  a Cylimlroid.  When 
the  sides  are  perpendicuhar  to  the  base,  it 
is  a Right  cylinder  or  cytvulroid  ; oilicr- 
wisw  it  is  an  O blique  owe. 

D‘ALEMBEUrs  PRINCirLE.  — See 
Principle  1)'  Alembert's. 

DEAD  LEVEL See  Level. 

DEGREES  AND  MINUTES.  — See 
Angle. 

DENSITY  (Latin  densUas^  closeness)  is 
a relative  term,  and  denotes  the  com- 
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pftmtivo  qtmntiiy  of  matter,  in  dilTercnt 
l>o<lic»T  which  is  contained  in  t)ie  amnu 
K|>iu‘o.  (See /Wufntf.)  (iravity  isunder* 
htood  to  act  in  proportion  to  the  relative 
quantity  of  the  mutter  of  bodies;  and, 
hence,  tlie  sjjecilic  gravities  of  l>odies  are 
presumed  to  be  the  measure  of  tlieir 
densities. — See  Gravity. 

DE-OXVDATION  it  the  depriving  a sub- 
stance of  the  oxygen,  or  vital  air  wliich  it 
contnins.  Concerning  the  <lC’0.rifda(tng 
potrvr  of  the  solar  rnvs,  see  Optic*^  p.  29. 
D1  AM ETEUS,  TKANSVKHSE  AND 
C()NJC<»A'J’E. — iSee  tonic  Sections. 

DKfESTEK,  a strong  vessel  of  iron,  or 
other  motni,  having  a screwed-down  and 
air-tight  lid,  into  which  substances,  either 
fluid  or  solid,  arc  inclosed,  and  are  therein 
submitted  to  a niucli  higher  degree  of 
heat  than  they  could  be  subject^  to  in 
the  open  air. 

DfOETIUCS  is  that  division  of  the  science 
of  Optics  wliich  treats  of  the  Jie/raction 
of  Ltqhl. 

DIRECT  PROPORTION,  or  DIRECT 
RATIO. — See  liutio, 

DIRECTION,  LINE  OF.  — See  Force^ 
Direction  of. 

DIliECTlUX  OF  A PARABOLA.— See 
Conic  Sections. 

DISTII/LATION  it  a proccs*  by  which  a 
fluid,  or  {Mirtion  of  a fluid,  Is  converted 
into  vu(K)ur  by  means  of  ht*at,  and  that 
vapour  returned  into  a state  of  fluidity 
by  cold,  or,  as  the  chemists  tuy,  by  the 
alistroction  of  caloric.  Distillation  is 
Fvaporationi,  that  is,  raising  a fluid  to  tlie 
state  of  vapour,  but  the  latter  term  does 
not  include  the  idea  of  preserving  that 
vapour  and  condensing  it  again  into  a 
fluid — Sec  Vapour. 

DIVERGING  RAYS  are  the  opposite  of 
Converging  (which  see.)  They  separate 
iu  their  prftgress  further  and  further 
asunder,  as  the  radii  of  a circle  do  from 
its  centre. 

DODECAHEDRON.— Rhombus. 

DOUBLE  REFRACTION.— See  Tfr/roo. 
tinn. 

DYNAMICS  (Greek  t/yranmir,  force)  is 
that  division  of  the  science  of  mechanics 
which  considers  liodies  as  acted  upon  by 
forces  which  arc  not  in  cquitibrio.  It 
therefore  treats  of  bodies  in  motion.— 
See  Equilibrium, 

EBULLITION.— See  Boilina. 

ELASTICITY  (from  a Greek  word  signi- 
fying to  push.,  or  drive  buck)  is  that 
uulity  of  a substance,  wliether  solid  or 
uid,  by  which,  when  compressed,  or 
when  forcibly  expanded,  it  entleavours,  in 
either  case,  to  re-assume  its  former  bulk. 

ELASTIC  FLUIDS. — Sec  Fluids,  and 
Gas. 

ELLIPSIS. — See  Cone, and  Cenic-SVe/iont. 

ELLIPSOID.— See  Conoid,  ami  Spheroid. 

E.AIERALD.  The  omerahl  is  ranked 
among  the  gems,  and  is  now  found  only 


in  Pent.  It  is  of  a green  colour,  rather 
h.^rder  than  quart/.,  and  always  in  crys- 
tals, which  are  iranslui'ent  and  generally 
tr.uo.parent.  What  is  called  Oriental 
emerald  is  a green  sapphire.  The  Beryl 
is  u variety  of  the  emerald,  of  a paler 
green,  frequently  passing  into  blue,  and 
is  much  1»H  prixed.  It  is  found  in  va- 
rious countries,  sometimes  in  Sootlaiid. 
The  Emerald  of  Brazil  is  a Tourmaline, 
which  sec. 

EMiyiUCAL  (Greek  en  audpeirao,  I try) 
designates  any  assertion  or  act  which  is 
made  nr  done,  merely  as  an  experiment, 
without  any  past  experience  or  known 
principle  to  direct  tlie  choice. 
EQUATION  OF  A CURVE.— See  Coitie 
Sections. 

EQUILIBRIUM.  When  two  or  more 
forces,  acting  upon  a body,  are  so  opposed 
to  eacli  other  that  the  body  remains  at 
rest,  although  either  would  have  moved 
it  if  acting  alone,  those  forces  are  said  to 
be  tn  equilibrio,  which  is  a Latin  term 
signifying  equally  balanced. 

ETIIKU. — Sw  Air,  ethereal. 

EVAPORATION  ; the  state  or  action  of 
a fluid  when  its  particles  are  so  far  sepa- 
rated by  caloric  as  to  assume  the  form  of 
vapour.  Evaporation,  or  (as  it  is  some- 
times called)  vaporisation^  is  often,  but 
not  alwa)*s,  preceded  by  ebullition.— See 
Boiling  and  Vapour. 

EVOLUTE  OF  A CURVE.— See  Curves. 
EXHAUSTED  RECEIVER.  — See  Fa- 
cuum. 

EXPANSIBILITY  is  that  property  of  a 
substance  which  renders  it  capable,  under 
certain  circumstances,  of  occupying  more 
space  than  it  usually  requires.  The  grand 
agent  in  the  expansion  of  bodies  is  ca- 
loric. 

FAHRENHEIT’S  THERMOMETER  is 
that  arrangement  of  the  scale  of  the  in- 
strument, in  whicli  the  space  between  the 
freezing  and  the  boiling  points  of  water^ 
under  a medium  pressure  of  the  atmo- 
sphere, is  divided  into  1 80  parts,  or  de- 
grees t the  freezing  l>eing  marked  32^ 
and  the  boiling  212'^.  This  scale  was 
adopted  by  Fahrenheit,  liecause  he  sup- 
)Nned,  erroneously,  that  32  of  those  divi- 
sions below  the  freeziug-]K>int  of  water 
(which  was  therefore  (0)  on  his  scale) 
wa.s  the  zero,  or  greatest  degree  of  coldv— 
See  Thermometer. 

FELDSPAR  is,  next  to  quartz,  the  most 
abundant  stone  that  exists;  being  a con- 
stituent in  granite  and  other  rocks.  It 
scratches  glass,  and  gives  out  sparks  with 
steel : but  all  its  varieties  are  inferior  to 
quartz  in  hardness.  The  transparent  la- 
mina of  its  crystals  have  a double  re- 
fraction ; and  one  of  the  species,  Adularia, 
or  Moonstone,  exhibits  a pearly  lustre. 
It  is  the  famous  Petuntse  of  the  Chinese, 
being  the  vitrifying  ingredient  in  their 
porcelain. 
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FIRST,  or  PRIME  MOVER,  in  mecha- 
nit's. — See  Machine. 

FLUIDITY  {l4Uiny?Mcrr,  to  flow)  is  that 
■tate  of  a aubbtanre  in  which  its  consti* 
tuetit  particles  are  iiidefmitely  small  $ and 
so  sli^htl^  cohesive,  that  they  are  move- 
able in  every  direction,  jiassing  over  one 
another  with  the  least  impulse.  There 
is  a partial  fluidity,  in  which  the  )»articles 
are  condensed  or  thickened  into  a coherent 
though  tremulous  mass.  Jellies  are  of 
this  lUnd,  and  may  be  considered  as  hold- 
iii|7  a middle  place  between  liquids  and 
solids. 

FLUIDS  are  substances,  or  rather  masses 
of  particles,  whicli  have  the  quality  of 
fluidity;  mid,  in  omscqucnce,  have  no 
fixed  shape,  but  assume  that  of  the  vessel 
l>y  which  they  are  coutaine<i.  They  are 
usually  divided  into  two  kinds;  gascoui 
and  liquid. 

- ' I EL ASTIC.-^Seo  G<u» 

— NON-ELASTIC. — See  Liquid. 

FLV-WilEEL  is  an  addition  to  certain 
machines,  for  the  purpose  of  equalizing 
the  elTect  of  the  moving  power.  If  this 
power  act  irregularly,  there  will  be  mo. 
menti  in  which  it  will  exert  more  force 
than  is  rei{uired.  This  excess  is  employed 
ill  giving  motion  to  the  Jig-whe^y  and 
vurtof  this  oommuiiicated  excess  is  re- 
turned upon  the  machine  when  the  power 
is  too  languid.  In  the  former  case  it  is  a 
reesu'diug,  and  in  tho  latter  an  impelling 
power. 

FO(’US.  The  Latin  focut  is  a hearth  or 
fire-place  ; and  hence  the  word  has  been 
employed  to  denote  any  point  in  whicli 
light,  and  oonse<(ucntly  beat,  is  concen- 
trated. In  optics,  it  is  Uie  point  where 
several  ra)'s  are  collectetl,  whether  in 
consequence  of  refraction  or  of  reflexion. 
For  the  situation  of  the/oci  of  the  ellipsis, 
parabola,  and  hyperbola,  see  Conia  Sec- 
tions. 

FORCE  is  the  name  of  any  exertion  which, 
if  applied  to  a body,  has  a tendency  to 
move  that  body  when  at  rest ; or  to 
affect,  or  to  stop  its  progress,  if  already  in 
motion.  This  is  sometimes  tenned  Active 
farcey  in  contradistinction  to  what  merely 
resis/s  or  retard*  the  motion  of  another, 
but  is  itself,  appareutly,  iiuioHve.  Tho 
degree  of  resUtaiice  to  any  motion  may  be 
measured  by  the  active  force  required  to 
overcome  that  resistance,  and  hence  wri- 
ters on  mechanics  make  use  of  the  terms 
Uetisting  farce*  and  Retarding  force*. 

FOItCE,  CENTRIFUGAL.— See  Centri- 
fugai  Force. 

LINE  OF  DIRECTION  OF, 

is  the  straight  line  in  which  any  force 

- tends  to  make  a body  move. 

FOU(!ES,  COMPOsfTION  OF.  When 
two  forces  act  on  a body  in  the  same  line 
of  directiony  the  resulting  force  (or  Re- 
enitanty  as  it  is  called)  will  l>e  the  sum  of 
both.  If  they  act  in  opposite  directions, 


the  body  will  remain  at  rest  if  the  fun'ies 
be  equal;  or,  if  unequaly  it  will  move 
with  a force  equivalent  to  their  differ- 
ence, in  the  direction  of  the  greater.  If 
the  line*  of  direction  make  an  angle  witli 
each  otlier,  the  reeultant  w'iU  be  a mean 
force  in  an  intermediate  direction.  Any 
number  of  forces  may  be  thus  resolvetl 
into  one  resulting  force,  tlte  effect  of 
which  18  the  absolute  motion;  and  any 
motion  may  be  assumed  to  be  the  result 
either  of  a single  force,  or  of  a combino* 
tiun  of  many.  Tliis  is  what  writers  on 
mechanics  cull  the  Competition  ar;d  Reso~ 
lution  of  force*. 

FORCES,  ACCELERATED.— «ee  Acce- 
leration. 

FREEZING  POINT.  That  point  in  a 
thermometer  at  wlticli  the  included  fluid 
stands,  when  the  instrument  is  immersed 
in  another  fluid  that  is  in  the  act  of 
freezing,  U tho  fretamg  point  of  the  lat- 
ter. 

FRIC1TON  (Latin  fricarCy  to  rub)  is  the 
rubbing  or  grating  of  the  surfaces  of  bo- 
dies upon  one  another.  In  mechanics,  it 
is  considered  as  one  of  tlie  causes  of  the 
biiiderance  cm*  stopping  of  motion,— aa  a 
Ttlarding  force. 

FRIGORIFIC,  having  the  quality  of  pro- 
duciug  extreme  cold,  or  of  couvertiug 
liquids  into  ice  from  the  Latin 
coldness. 

FULCRUM. — See  Levety  aad  Balance. 

FUSllilLITV  (from  the  Latin  fu*u*y 
melted  ur  pour^  out)  is  that  quality  of  a 
solid  whitm  readers  it  capable  of  beiug 
brought  to  the  state  of  a liquid  by  heat. 

FUSION  is  the  state  of  melting,  or  soften- 
ing into  a liquid. 

GAS  is  an  old  Teutonic  word,  equivalent  to 
the  Greek  pneumCy  air,  or  spirit,  and  has 
been  adopted  by  the  modem  chemists  to 
denote  permanent  aeriform  (or  airlike) 
fluids  generally,  for  the  purpose  of  dis- 
tinguishing them  more  clearly  from  com- 
mon air,  which  is  a mixture  of  two  spe- 
cies of  gas.  Case*  are  distinguished  from 
liquid*  by  tiie  name  of  £/aslic  fluid* ; 
w’hile  liquids  arc  termed  non-e/us/ic,  be- 
cause they  have,  comparatively,  no  elas- 
ticity. But  the  most  prominent  distinc- 
tion is  the  following  '.^liquid*  are  com- 
pressible to  a curtain  degree,  and  expand 
into  their  former  state  when  the  pnwsure 
is  removed  ; and  in  so  far.  they  are  elas- 
tic i hut  gases  appear  to  )>e  iu  a continued 
state  of  compression  ; for  when  left  iin- 
conflnod,  tliey  expand  in  every  direction, 
to  an  extent  whidi  has  not  hitherto  i)«en 
determined.  Thus,  a small  portion  of 
common  air,  iiiclos'ed  in  a thin  bladder, 
will,  when  the  pressure  of  the  atmosphere 
is  removed,  expand  so  ns  to  inflate  the 
whole  cavity,  stretching  out  every  part  of 
the  surface.  The  expansion  of  a li<{uid, 
under  such  circumstances,  would  not  be 
perceptible.  Gatee  retain  their  elasticity 
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in  all  temperature*,  and  in  this  they 
differ  from  vapours, — See  Vapour. 

GASEOUS  lignities  that  the  >ub«tance 
•}K)ken  of  huA  the  nature  of  gas ; and 
tlius  gaseous /luids  are  distiuguiJied  from 
other  fluids. 

ULAUilEKlTK  is  a crytalHxed  salt  oum- 
posed  of  nearly  equal  parts  of  sulphate  of 
lime  and  sulphate  of  soda,  both  anhg* 
(/rous,  or  nearly  so.  It  was  so  called,  iu 
honour  of  Glauber,  whose  name  is  also 
given  to  Glauber  salts,  or  sulphate  of 
soda.  Glauberite  is  found  amoi^  the 
pieces  of  rock  salt  brought  from  South 
America. 

GONIOMETER  (from  the  Greek  gonia^ 
an  angle)  is  an  Instnimeut  for  measuring 
angles.  Such  an  instrument  is  particu* 
larly  requisite  in  measuring  the  solid  an* 
gles  of  crystals.  That  of  the  late  Dr. 
Wollaston  is  peculiarly  ingenious. 

OOVEUNOlt,  an  addition  applied  to  cer. 
tain  machines  for  the  ptirposo  of  equaliz- 
ing tlieir  motion.  It  is  a centrifugal 
]>ower,  like  that  of  the  fig-veheel.,  and  is 
describe«l  at  large  at  page  52,  Mscua- 
Nica,  Treatise  ii. 

GRAVITY'  (Ijatin heaviness)  is 
a name  given  to  that  tendency  which 
T>odies  have  to  fall  to  the  earth,— ^r  rather 
townnls  its  centre.  The  abstract  power, 
or  unknown  cause,  by  which  theso  phe- 
nomena are  produced,  is  termed  Graei/d- 
tum^ — and  this  )>ower  is  supposed  to  act 
throughout  uature,  so  that  all  bodies,  as 
well  as  the  particles  of  the  same  body, 
have  a tendency  to  approach  each  other, 
in  proportion  to  their  masses,  but  lessen- 
ing in  force  as  the  squares  of  the  dis- 
tances between  the  centres  of  the  several 
masses  are  increased.  Groei/yand  y//- 
traction  are  often  used  synonvmously. 
Both  are  abstract  names  for  the  same 
unknown  power;  but  the  latter  is  ap- 
plies! more  gener^ly  i we  i}>eak,  fur  ex- 
ample, of  cajAiiarg  attraoiiony  and  aiay- 
netie  attraction,  but  not  of  capillary  or 
magnetic  gravity. 

GRAVITY',  CENTRE  OF,  is  a point  in 
a lx>dy  from  which,  if  that  body  could  ho 
suspended,  tho  whole  body  would  remain 
at  rest,  (with  respect  to  its  tendency  to 
tho  earth,)  in  whatever  respective  posu 
tion  the  surrounding  parts  may  l>e  turned. 
Thus,  the  centre  of  gravity  of  a globe  is 
its  common  centre,  and  that  of  a balanced 
beam  is  the  pivot  on  which  it  turns. 

RELATIVE,— See  Graviiyy 

Specijic. 

■■  — SPECIFIC.  The  eomparative 

or  re/ative  gravities  of  difTereiit  bodies 
towards  the  earth  are  mea.su  red  by  a 
general  standard  termed  weight ; and  otie 
substance  is  said  to  have  a greater  speci/£o 
gravity  than  another,  when  a less  portion 
of  its  bulk  b of  equal  weight  to  that 
other.  Thus,  a cubic  inch  of  platina  is 
nearly  twice  the  weight  of  a cubic  inch 


of  silver ; and,  therefore,  is  said  to  liavo 
double  its  specific  gravity, — the  specific 
gravity  of  platina  is  to  that  of  silver  as  2 
to  1. 

GRAVITY,  LINE  OF  DIRECTION 
OF,  is  that  line  which  passes  thrungh 
the  centre  of  gravity  ox  a boUy  in  a 
direction  to  the  centre  of  the  earth. 

GY'RATION  (Latin yyrus,  a circle)  is  the 
action  of  turning  round  iu  the  manner  of 

— CENTRE  OF.— See  0<ci/- 

lation. 

CIRCLE  OF.— See  ditto. 

HALO,  a luuunous,  and  sometimes 
coloured  circle,  appearing  occasiuiiully 
arouud  the  heavenly  bodies,  but  more 
especially  about  the  sun  and  moon." — 
See  Parhelia. 

HARDNESS  is  the  resistance  to  impres- 
sion. It  is  incompressiliility^  but  limited 
to  solids. — See  Compressibility. 

HEAT. — See  Caloric. 

CAPACITY  FOR— See  Calorie, 

Capacity  for. 

CONDUCTORS  OF.— See  Con- 

ductor. 

v-  — LATENT. — See  Calorie,  Latent, 

RADIATION  OF.— See  Hadia- 

Hon. 

- SPECIFIC.— See  Caloric,  Spe- 

cific. 

UEU.METIC  SEAL.  The  origin  of  che- 
mistry has  been  ascribed  to  the  Eg^'juirm 
Hermes,  and,  therefore,  termed  the  //er- 
mctic  Art.  When  the  neck  of  a ghiss 
vessel,  or  tube,  is  heated  to  tlie  melting 
point,  and  then  twisted  with  pincers  imiil 
it  be  air-tight,  the  vessel,  or  tulie,  is  said 
to  have  received  the  seal  qf  Hermes — to 
be  Hermetically  sealed, 

HETEROGENEOUS. — See  Homogene- 
ous. 

HEXAHEDRON. — See  Rhombus. 

HOMOGENEOUS  (from  the  Greek  ho- 
mos, alike,  and  genos,  kind)  designates 
such  substances  os  have  their  particles  all 
of  the  same  nature,  and,  consequently, 
possessing  the  same  properties,  i/r/cro. 
getxeous,  on  the  contrary  (Greek  heteros, 
different)  denotes  that  tho  suhstaueo 
which  it  denominates  is  made  up  of  (>arts 
that  have  dilferent  qualities.  Thus,  in 
minerals,  the  diamond  is  a hotnogciu'ous, 
and  granite  is  a heterogeneous  body. 

HYACINTH.— See  Zircons. 

HY'DHATE.S.  Chemical  compounds  (par- 
ticularly  salts)  which  ikmtain  water  as  ‘ 
one  of  their  ingredients,  havo  iMieii 
termed  hydrates.  If  water  lie  not  a uin- 
stituent,  they  are  said  to  be  Anhydrous, 
which  signifies  without  water  f from  the 
Greek  privative  a and  hydor  water. 

HYDROUS,  watery,  or  containing  water 
In  its  composition. 

HYPERBOLA.  — Seo  Cone,  and  Cotiie 
Seoitom. 

HYPERBOLOID.— See  Conoid, 
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ICELAND  SPAR. — See  Calcareow  Spar^ 
fuul  Sfwr. 

ICOSAHEDRON. — See  Rhombta. 

11K)CKASE,  a name  toroetime»  given  to 
IV^wrinn,  which  »ee. 

IMPENETRADILITY.  In  the  popular 
.'icrrptation  ever)'  substance  is  peneirabUy 
tliat  is,  another  substance  may  be  intro- 
duced, or  made  to  pass  through  it,  pro. 
vided  a sufficient  force  be  applied ; but 
the  presently  rt'ceivetl  8)Titem  of  philoso- 
phy holds  nil  matter  to  be  impenetrahky 
and  that  what  is  supposed  to  1^  penetra- 
tion is  merely  the  admission  of  one  sub- 
stance  into  the  pores  of  another. 

IMPULSE  (Latin  tmpulsuSy  a push  or 
stroke)  is  the  direct  action  of  one  body 
ti{Nm  another  in  the  production  of  motion. 
Bodies  are  impelled,  or  driven  forward, 
either  by  percussion^  or  by  pressure,— by 
n strokCy  os  with  a hammer,  or  a ptaA,  as 
by  a spring,  or  a living  power.  The 
former  is  instantaneous,  and  the  latter 
continuous.  In  lx>th  cases  the  moving 
IhkIv  flies  from  the  power  ; in  the  action 
of  pulling  (or  attraction)  it  doee  the  re- 
verse. 

INCIDENCE,  POINT  OF.— See.ilc/roe- 
fire  /’wcer. 

INCIDENCE,  ANOLEOF.  — See  Re- 
fleriony  and  Refractive  Power. 

INCOM  M ENSUK  A RLE  . —See  Ratio. 

INCO.MPRESSIBILITy.— See  Compres- 
sihiliit/. 

1 NSTKUMENT.— See  Machine. 

INDEX  OF  REFRACTION — See  Re- 
frartive  Power. 

INERTIA. — See  Vis  Inertia. 

I.NSULATION.  \Vhen  a body,  contain, 
ing  a quantity  of  free  caloric,  or  of  tbe 
electric  fluid,  is  surrounded  by  non-con- 
ductors, so  as  to  cut  off  ibo  communica- 
tion with  other  bodies,  it  is  said  to  l>e 
insulated  { a metaphor  udeen  from  the 
Latin  i/uu/a,  an  island. 

INVERSE  PROPORTION,  or  RATIO. 

— See  Ratio. 

IN  VOLUTEOF A CURVE.— See  Currrs. 

ISOCHRO.MATIC.  The  Greek  isos  sig- 
iiities  equal,  and  is  prefixed  to  many 
acieiuific  words  which  are  derived  from 
that  language.  /socAroma/ic  is,  Itaving 
the  same  colour.  Isopcrimctrical  is, 
having  the  same  length  of  perimeter,  or 
iKmiiiiing  line.  Isochronous  is  what 
pajcsrs  in  equal  times,  as  the  vibrations  of 
pendulums  of  the  same  lengtli,  Ac. 

JAUtiON. — Sec  Zircone. 

LATENT  HEAT.— See  Calorie. 

LAW  OF  THE  SINES.— See  Refractive 
Pmeer. 

LENS  (Latin  lens,  a bcan^  is  properly  a 
small  roundish  glass  of  the  figure  of  a 
/enli/.  The  meaning,  however,  is  now 
extended.  Lenses  are  not  now  neceasa. 
rily  glas5,  nor  shaped  like  a bean,  Imt 
may  bo  made  of  otlier  forms,  and  of  any 
tramporent  lubstanoc.  Their  esseuti^ 
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diaracteristic  is,  that  they  shall  refract 
the  rays  of  light,  so  that  tbe  divergence, 
or  convergence,  of  those  rays  shall  l>e 
e4]ually  produced  after  their  passage.  For 
this  purpose  the  surfaces  must  be  po- 
lished. Their  usual  forms  and  names 
are  shown  and  explained  at  page  7t 
Optics. 

LKV'EL.  Two  points  on  the  surface  of 
the  earth  are  said  to  be  on  the  same  level 
when  they  are  equally  distant  from  its 
centre.  A level  surface,  therefore,  is 
not  a plane,  but  a portion  of  a spherical 
surface ; and  this  is  the  form  which  a 
sheet  of  w'ater,  or  any  other  liquid,  natu* 
rally  assumes.  There  arc  various  instru- 
ments used  in  leve/linp,  which  are  calk'd 
levels.  These  jUI  give  a horizontal  ievely 
Uiat  is,  a tangent  to  the  earth's  surface  ; 
and  in  the  case  of  a drain,  or  canal,  tho 
bottom  of  the  excavation  must  lie  carried 
lower  than  the  level  indicates,  otherwise 
tho  water  would  not  run.  Tho  dedivity 
must  be  in  n circle  ixiuivnlcnt  to  timt  of 
tlic  earth's  circumference  before  the  water 
could  reach  it,  and  this  would  then  be 
termed  a dead  level. 

LKUCOCVOLITE,  a name  given  to  a 
variety  ol  AjtofthyUile,  which  see. 

LEVER  (Latin  levare,  and  French 

to  lift,  or  raise)  is  one  of  the  mechanical 
powers.  It  is  an  inflexible  bar,  supported 
and  moveable  in  one  p«>int  of  its  length 
on  a pivot,  or  prop,  called  the  Fulcium. 
One  end  «>f  the  lever  is  a}>plied  to  the 
weight  t<i  he  raised,  wliile  a force  is  ap- 
plied to  the  other  end.  The  power  of  this 
instrument  depcuids  on  the  proportion 
between  the  lengtlis  of  the  parts  of  tbe 
lever  «m  each  side  of  iXiv  fu'erum. — See 
Bahmce. 

liKHlT  is  the  cause  of  those  sensations 
and  colours  which  wc  refer  to  the  eyes, 
or  sense  of  seeing,  as  their  sourc'c.  The 
essence  of  light  is  unknown  : whether  it 
cot)flist.sor  emanations  from  the  substance 
of  the  luminous  iHxiy,  or  is  pntpagated, 
by  impulse,  through  the  medium  of  an 
universally  diffused  and  subtile  ether,  has 
not  yet  l>een  determined.  The  knowledge 
of  the  laws  which  regulate  the  phenomena 
of  light  constitutes  the  strienco  of  Optics ; 

• —the  investigation  of  its  action  upon  the 
structure  of  lH>dies  Wlongs  to  ('hemistrj/. 

• PENCIL  OF.— See  Light,  Ray  of. 

. ' ' RAY  OF,  is  considered  as  an 

evanescent  element  of  a stream  of  light ; 
and  a pencil  as  a collection  of  such  ra)’s 
accompanying  each  other. 

REFLEXION  AND  REFRAC- 
TION OF. — See  H^xion  and  Refrao^ 
tion. 

LI3I1T.  A limit  is  literally  a boundary, 
from  the  Latin  limitare^  to  Inmnd.  There 
are  certain  effects  in  Natural  Philosophy, 
ns  well  as  quantities  in  AIuthen)atics, 
w'hich  we  cannot  determine  with  minute 
accuracy ; but,  in  many  such  cases,  we 
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ran  fix  a point  which  that  rffect  or  7r/an> 
tity  must  certainly  ex(W<l,  ami  anoilior 
to  which  it  cannot  pnsRihly  arrive.  These 
point*  are  the  iimit*  of  the  problem.  We 
cannot,  for  instance,  predict  the  exact 
hcii^ht  at  which  the  mercury  will  stand 
(at  the  level  of  the  sea)  in  a harumeter, 
on  any  future  day ; but  we  may  ajtserc, 
from  past  experience,  that  it  will  bo 
somewhere  between  twenty-eight  and 
thirty-one  inches.  Again,  we  cannot 
determine  exactly  the  length  of  the  cir- 
cumference of  a circle;  but  we  are  certain 
that  it  is  greater  than  that  of  any  in> 
scribed  polygon,  and  less  than  that  of  any 
drcumscril>^  one,  however  numerous 
their  sides  may  be 

liquidity,  the  state  of  Wung  li<iuid. 

liquids.  The  mwllum  between  the  solid 
and  the  gaseous  states  is  that  of  liquidity. 
Liquids  am  fluids  w'hose  chuitidty  is  in- 
active, and  the  cohesion  of  whose  par- 
ticles is  less  tnwai-ils  each  other  than 
their  individnal  gravities;  so  that  they 
separaio  by  their  own  weight,  and  may 
thus  l>e  divided  drop  hy  drop.  It  is  hence 
that  the  slighti'st  jwessure  on  the  surface 
of  a liquid,— ^ven  that  of  the  thinnest 
stratum  of  Us  own  IkkIv,— presses  the 
lower  portion  of  the  fluid  e<|ually  in  all 
directions,  sideways  as  well  as  down- 
wards : and  even  upwards,  into  any 
ves.RcI  to  w'hich  it  may  have  access,  if 
there  is  no  other  way  of  escape. 

MACHINK  (Latin  mnehina^  a frame  or 
contrivance).  Any  complication  of  arti- 
ficial bodies  acting  upon  one  another  by 
contact,  through  the  medium  and  motion 
of  which  any  effect  is  produced,  is  a 
machine.  The  initial  fored  which  puts 
the  machine  in  motion  is  called  the  Fir$t 
or  Prime  morer.  The  jtontt  at  which  that 
force  is  applied  is  the  Acting  point  ; and 
that  in  which  the  effect  is  produced  is 
the  Working  point  t tlie  machine  being 
the  medium  tlirough  which  the  power  is 
transferred,  and  hy  whicli  it  it  modified 
so  as  to  answer  the  intended  purpose. 
M’hcn  a simple  l>ody  is  the  medium  he- 
tween  the  acting  and  the  working  point$y 
it  is  an  Insttmnu'nL 

MASS  (of  matter).— See  Volume. 

MAXIMUM.  In  a rariahle  quantity  or 
effect.,  that  quantity  or  effect  which  is 
the  greatett  possible.,  under  the  circum- 
stances in  wbi^  it  is  placed,  is  termed  a 
mojeimum.  Thus,  in  respect  to  the  sails 
of  n windmill,  they  may  placed  at  any 
angle  ; hut  there  is  one  angular  direction 
on  which  the  wind  will  have  more  power 
than  on  any  other,  and  this  is,  therefore, 
termed  a maximum.  There  are  other 
cases  in  which  we  seek  for  a Afinimum, 
that  is,  the  least  passible. 

MECHANICS  is  that  science  which  in- 
vestigates the  nature,  laws,  and  effects  of 
motion  and  moving  powei% 
31ECJ1ANICAL  PO^Y£Rg  are  the  simple 


instruments  or  elements  of  which  every 
machine,  Itowuvcr  complicated,  must  lie 
constnicteil : they  arc  the  Lever.,  the 
Wheel  and  Axle,  the  Pulley,  the  Inclined 
l*lane.  the  Wedge,  and  the  Screw. 

MKI^TINO  Point.  That  point  of  the 
tliermometer  which  indicates  the  beat  at 
which  any  particular  solid  be<^mes  fluid, 
is  termed  the  melting  point  of  that  solid. 

MENLSCUS  (Greek  mene.  the  moon),  a 
lens  which  is  concave  on  one  side,  and 
convex  on  the  other;  and  so  called  l>e- 
'^use  it  resembles  the  appearance  of  the 
new  moon. 

MINIMUM.— See  Maximum. 

MIKKOU  (French  mircr,  to  look  at),  any 
surface  from  which  light  is  reflected,  so 
as  to  exhibit  the  images  of  objects  placed 
before  it.  It  is  sometimes  (especially 
when  formed  of  polislied  mec^)  termed 
a Speculum,  the  Latin  terra  fur  a looking, 
glass. 

■ I PLANE,  has  a plane  surface, 

such  as  the  common  looking-glass. 

■ ■ ■ ■ CONCAVE,  has  a hollow  sur- 

face, which  collects  the  rays  and  reflects 
them  to  a focus,  in  front  of  the  mirror, 
thereby  enlaiying  the  image  of  ilm  object. 

— ii.i.-  CONVEX,  dispt’rses  the  rays, 
and,  fn  consequence,  diminishes  the 
image  of  the  object.  These  conenve  and 
convex  surfaces  are  formed  of  different 
cunes,  according  to  the  purposes  in- 
tended.— See  liuming-Glass. 

MOCHO  STONE.— See  Annte. 

MO.MENTl’M,  or  MOMENT,  Is  the  ira- 
petiis,  or  force  of  a moving  body.  The 
contpamtive  momenta  of  bodies  arc  in  n 
c*jmpound  ratio  of  their  quantity  of  mat- 
ter and  their  velocity : that  is,  they  are 
in  proportion  to  the  products  of  the  mat- 
ter and  velocity,  when  expressed  in  num- 
bers. Thus  a ball  of  four  pounds  weight, 
moving  at  the  rate  of  eighteen  feet  in  a 
second,  would  have  double  the  momen- 
tum,— that  is,  it  would  strike  against  an 
object  with  tw’icc  the  force  that  a ball 
of  three  pounds  weight,  moving  at  the 
rate  of  twelve  feel  per  second,  w'ould  do; 
because  the  first  pnxlucl  (4  multiplied  by 
Ifi)  is  double  that  of  3 multiplied  by  12. 
Momentum  is  the  force  of  percussion.— 
See  Percussion. 

MOONSTONE.— See  Feldspar. 

MOTION  is  the  passing  of  a iMvly,  or  any 
parts  of  a bo<ly,  from  one  place  to  an- 
other : we  say  parts  of  a IkhIv,  Iteeauso 
in  the  cases  of  a globe  turning  on  its  axis, 
or  a wheel  revolving  on  a pivot,  the  parts 
of  the  body  change  their  situation,  while 
the  bo<lics  themselves  are  stationary. 

MOVINfi  POW  ER.— Sta-  power. 
NON-ELASTIC  FLUIDS. — See  Gar  and 
Liquids. 

NONIUS. — See  Vernier's  Scale. 

OBLATE  AND  OnLONGSPIIKROlDS, 

— See  Spheroid. 

OBTUSE  ANGLE.— See  Angle. 
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OfTAHEDRON. — See  Rhombus. 

OCULAR  SPECTRA,  — See  Accidental 
Co/ours. 

OPACITV  (Latin  opacuSy  dark),  a ntate 
imp^rvimis  to 

ORDINATE,  of  an  EUipsCy  Parabolay 
and  Jlyperbola. — See  Conic  Sections. 

OSCILI^ATION  (liatin,  oscillntiOy  swing- 
ing;) is  partinilarly  applied  to  designate 
the  motion  of  a pendtilum, 

CENTRE  OF.  A pen- 

diilum,  when  oscillating,  has  one  point  in 
which  its  whole  moving  force  is  concen- 
trated ; and  at  which,  if  it  meet  with  re- 
sistance, it  will  instantly  stop,  without 
vibration  or  strain  of  its  other  parts : 
that  point  is  called  the  eentre  of  oscil- 
lation, 

A wheel  in  motion  may  be  considered 
as  an  indefinite  number  of  pendulums, 
each  of  which  has  its  own  centre  of  oscil- 
lation. If  the  w'heel  he  nearly  balanced, 
those  several  }>oints  of  oscillation  will 
accommodate  themselves,  so  as  to  form, 
in  tludr  coutiniied  motion,  a set  of  points 
equally  distant  from  the  rim.  These  are 
Centres  of  gyrntiony  and  in  their  junction 
will  form  a Circle  of  qyration. 
OVERSHOT  WHEEL.  — See  Waier- 
xehcel. 

PAHAROLA.— See  Cone  and  Conie  Sec- 
tions. 

PA RAROI/OID.— See  Conoid, 

PARALLEI.  LINES.  When  two  straight 
lines  in  the  same  plane  are  so  directed, 
that,  however  much  they  might  be 
lengthened,  they  would  never  approacli 
nearer  to,  nor  recede  from,  one  another, 
they  are  said  to  he  parallel, 

PARHELIA,  PARHELIUM,  or  PAR- 
HELION (Greek  paroy  near,  and  heliosy 
the  sun),  is  a mock  sun  f an  appearance 
similar  to  the  s\in,  which  occasionally  ac- 
companies halos  (^e  Halo).  There  have 
been  sometimes  seen  six  or  seven  of 
these  mock  suns  at  the  same  time,  which, 
in  that  case,  are  denominated  by  the 
plural.  Parhelia. 

PKNCILOF  LIGHT.— See  highly  Ragof. 

PERCIJSSION,  CENTRE  OF.  Percus- 
sion Is  a forcible  stroke  given  by  a moving 
lK»dy.  In  taking'  any  partiailar  l>ody, 
such  as  a rod  of  c«|ual  thickness,  held  at 
one  end,  and  suning  forcibly  by  the  hand, 
so  as  to  strike  upon  a resisting  object, 
the  force  of  the  stroke  will  he  greater  or 
less,  acoording  to  the  part  of  the  rod  tliat 
shall  hit  the  object.  There  is  ouo  point 
of  the  rod  in  which  the  whole  force  of  tlie 
stroke  is  concentrated,  and  the  resistance 
to  which  would  noutralixe  the  blow.  Tliat 
point  is  termed  the  cenlre  of  pcrcussiony 
which  always  coincides  with  that  of  oscil. 
lotion. 

- FORCE  OF. — See  Momentum. 

PERIMETER.  The  length  of  the  whole 
bounding  line  of  any  plane  figure,  of  wlmt- 
ever  parts  or  shapes  that  line  may  cun* 
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sist,  is  termed  iho  perimeter  ol  the  figure. 
The  length  of  the  bounding  lino  of  a 
circle  (or  perhaps  of  any  cur>  e which  re- 
turns upon  itself)  is  its  Circumference, 

PERPENDICULAR.— See  Angle. 

PETUNTSE.— Sec  FehUpar. 

PISTON,  a short  ping,  or  block,  exactly 
fitted  to  the  bore  of  a tube,  so  ns  to  slide 
outwards  and  inwards  by  means  of  a rod. 
The  piston  (with  its  piston-rod)  is  a ne- 
cessary part  of  the  apparatus  of  a pump. 
It  serves  the  purpose  of  exhausting  tlie 
air  from  the  tube,  and  is  hence  commonly 
called  the  Sucker. — See  Suction.  A jns- 
ton  is  generally  accompanied  with  a valve, 
otherwise  it  is  a Plunger. 

PLANE,  TANGENTIAL.— See  Tangent. 

PLUNGER. — See  Piston. 

POINT,  ACTING.— .See 

—  — ROILING. — Sue  Boiling  point. 

— - FREEZING.  — See  Freezing 
point. 

OF  INCIDENCE.— See  Rtfruo 

tive  Potter, 

WORKING. — See  Working 

noint. 

PORKS  (of  matter^. — See  Volume. 

POWER  is  that  principle  which  is  capable 
of  effecting  a cliangc  in  the  state  nr  con- 
dition of  a lM>dy.  When  power  is  oxerUNl, 
as  in  meclianics,  it  is  force,  applied  fiir 
the  purpose  of  producing  or  prevuntlng 
motion.  In  the  former  case  it  is  termed 
a mooing  potcery  or  foreCy  and  in  tho 
latter  a sus/uintnj^  power,  or  force.  Power 
is  latent  force. 

ANIMAL,  or  ANIMATE,  is 

the  power  of  a man,  or  other  animal. 

INANIMATE,  is  that  of  oir, 

firCy  xtatcTy  or  other  inanimate  bodies. 

—  MECHANICAL See  Mccha- 

nicaf  Poteer. 

■ ^ IN  OPTICS  expresses  the  effect 

producible  by  lenses,  or  other  instru- 
ments, as  magnifying  potcery  healing 
powcfy  Ac. 

PRESSURE  is  the  application  of  force  to  n 
resisting  body,  when  that  force  is  In  coiu 
tinned  contact  with  the  body  upon  which 
it  is  exerted. — See  Impulse  and  Percus- 
sion. 

ATMOSPHERIC.— See  Atmos- 
pheric Pressure. 

CENTRE  OF.  When  a fluid 

presses  ti|Hm  a surface,  there  is  n jtoint 
In  that  surface,  at  which,  if  a force  l>e 
applied  in  the  same  line  with  the  pres- 
sure of  the  fluid,  and  etpial  to  the  whole 
of  that  pressure,  but  in  a contrary  direc- 
tion,— this  counter-force  will  exactly 
balance  the  whole  pressure  of  tho  fluid, 
— and  that  point  is  called  the  centre  of 
pressure. 

PRIME  MOVER.— See  Machine. 

PRIMARY  COLOURS. — See  Coloursy 
pi-imary. 

PRINCIPLE,  D'ALEMRKRT’S,  in  Me- 
chanicSf  is  this If  several 
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hodiM  hrtre  a temleiiry  to  motion,  with 
vcl<)cities,  and  in  diret'tions  wliich  they 
am  constrained  to  change,  in  consetiuence 
of  iheir  reciprocal  action  on  eacli  otJicr, 
then  tiiese  motions  may  be  considered  as 
compoHit!  of  two  others  ; — one  which  the 
iHKiies  actually  take  ; and  the  other  such, 
that,  had  the  bodies  l»een  acted  on  by 
sucli  alone,  they  w'ould  have  remained 
In  equilibrium.— > See  EquUibrtum  aud 
Forcfg^  eompo$ition  of, 

PIUNCIPliE  OF  VIRTUAL  VELOCI- 
TIES. “When  a system  of  material 
piiiits,  solicited  by  any  force,  is  in  equi- 
librium, if  the  system  receive  a small  al- 
teration in  its  position,  by  virtue  of 
which  every  point  descrilK.**  an  infinitely 
small  space,  the  sum  of  each  force  multi- 
plied by  the  space  de»cril>cd  hy  the  point 
to  wliich  it  is  applied,  according  to  tlie 
direction  of  the  force,  is  always  equal  to 
This  is  the  general  prxnmpie  of 
virtual  vehtcitiei^  referred  to  at  page  2 of 
Mf.chakics,  Treatise  ti. 

FKISaM.  a prism  is  a solid  contained  hy 
plane  figures,  of  which  two  arc  parallel, 
nnd  the  rest  are  parallelograms. 

PRISMATIC  SPECTRUM  is  the  variotis 
ixiirmred  npj)earanee  (Imtin  tpeclntm) 
which  a ray  of  white  light  exhibits  when 
se|>arated  by  refraction  through  a glass 
prism.  The  prism  of  the  opticians  is 
triangular;  that  is,  its  two  ends  are  pa- 
rallel, equal  and  siuiilar  triangles,  and 
consequently  its  other  faces  are  three  pa- 
rallelograms. 

PROPORTION,  DIRECT  AND  IN- 
VERSE.— See  Ratio, 

PUOPOKTIONAI.S.— See  Ratio. 

PYRAMID— See  Cone. 

PYRO.METER.— See  Thermometer. 

QUADRANT.— See  Angle. 

QUARTZ  is  a hard  sparkling  stone,  ex- 
tremely abundant  in  nature,  from  the 
common  pebble  to  largo  mountain  veins, 
and  even  entire  rucks.  It  is  found  in 
crystals  with  various  degrees  of  transpa- 
rency, which,  when  pure,  have  the  name 
of  Rock  crgglal:  of  this,tl>e  Scotch  Cairn- 
gorm (denominated  from  a mountain 
where  they  were  once  plentiful)  Is  a 
variety.  The  purple-coloured  rock  crys- 
tals are  commonly  calle<l  amcihgtlKy  and 
the  yellow-onloiired  have  the  name  of 
fo/>rt5rs.  — See  Corundum. 

RA  D I ATION  ( Imtin  radiare)  is  the  shoot- 
ing forth,  in  all  directions,  from  a centre. 
The  lAtiii  radius  was  a shoot  or  rody  and 
its  plural  radii  (rays)  was  used  both  lite- 
r.illy  and  metaphorically:  they  were  the 
spokes  of  a wheel,  or  the  beams  shot 
fnim  the  sun.  In  natural  philosophy, 
whatever  sends  emissions  in  all  direc- 
tions, is  said  to  radiate  f and  hence  we 
have  not  only  radiations,  or  rays  of  light, 
but  of  heat  and  of  sound.  Each  of  these 
radii  is  a rag. — 8oe  Rag.  It  may  here 
be  observed,  that  the  radiant  heat  of  the 


U 

sun  passes  through  glass ; but  it  Is  other- 
wise with  terrestrial  heat. 

RADIUS— 8ee  Angle, 

RAREFACTION  is  the  act  of  causing  a 
sul>stance  to  become  less  dense ; it  also 
dprinroinates  the  state  of  this  lessened 
density.  The  term  is  more  partinilarly 
applicable  to  elastic  fluids,  which  expand 
so  as  to  fill  the  vessel  in  which  they  are 
contained  after  part  is  extracted.  The 
gas  l>ecnmes  rarefied  In  consequence  of 
the  fiartial  exhaustion.  Liquids  are  ex- 
panded hy  means  of  heat,  and  thence  be- 
come thinner  or  more  rarefied. 

RAT  lO.  In  comparing  two  subjects,  with 
regard  to  some  quality  which  they  have 
in  ixmimon,  and  which  admits  of  being 
meastired,  that  measure  is  their  ratio. 
It  is  the  rate  in  which  one  exceeds  the 
other.  Proportion  is  the  portionSy  or 
parts  of  one  magnitude  that  are  con- 
tained in  another.  When  the  ratio  is 
commensurable  (that  Is,  when  it  is  redu- 
cible to  nnmlH-Ts),  It  is  equivalent  to  pro- 
portion ; hut  the  latter  term  is  usually 
employed  In  the  comparison  of  ratios,  in 
which  case,  two  eqiial  ratios  are  said  to 
lie  proportionals.  Thus  3 has  to  4 a cer- 
tain ratio,  or  proportion  ; hut  the  ex- 
pression 3 is  to  4 in  the  same  proportion 
as  6 to  8,  denotes  that  the  ratios  of  3 to  4 
nnd  6 to  8 are  equal ; 3 being  the  Stime 
proportion  of  4 as  0 is  of  8,  that  Is,  three 
fourths. 

DIRECT  AND  INVERSE.  Mlwn 

two  quantities,  or  magnitudes,  have  a 
certain  ratio  to  each  other,  and  are,  at 
the  same  time,  subject  to  increase  or  di- 
minution ; if,  while  one  increases,  the 
other  increases  in  the  same  ratio,  or,  if 
while  the  one  diminishes,  the  other  dimi- 
nishes in  the  same  ratio,  the  prnporlionsy 
or  comparisons  of  ratios,  remain  unal- 
tered, and  those  quantities,  or  magni- 
tudes, are  said  to  he  in  a direct  ratio  or 
proportion  to  each  other.  Thus,  if  a 
yard  of  cloth  be  worth  a pound,  ten,  or 
any  numlier  of  yards  will  He  worth  so 
manv  pounds,  and  the  proportion  of  value 
continues  unaltered. 

Dut,  if  the  magnitudes  are  such,  that, 
when  one  increases,  the  other  necessarily 
diminishes ; nnd  vice  rersoy  w'hen  the 
one  diminishes  the  other  increases,  the 
raiioy  or  proportion,  is  said  Co  be  inverse. 
Thus,  there  is,  at  any  moment,  a certain 
ratio  of  the  length  of  the  day  to  that  of 
the  night ; but  this  is  an  inverse  rath  ; 
for,  in  proportion  as  the  length  of  cither 
inereasesy  that  of  the  other  must  rfion'«isA. 
RAY  is  a single  radiation  from  s-  body 
which  sends  out  emissions  In  all  direc- 
tions.— See  Radiationy  nnd  Light, 

RAYS,  ABERRATION  OF.— SCe  Abet* 
ration. 

■ C A LORIFIC. — See  Calorific  Raut^ 

' COLOURED.— See  Cchurty  add 

i*ri«Tnaffc  Spectrum, 


Digitized  by  Google 


EXPLANATION  OE  SCIENTIFIC  TEllMS.  • 


16 

RAYS,  CONV'EHGENT.— See  Re>xion, 
La\e»  of. 

DIVERGENT.  — See  R^xion, 

Laic* 

— ■ PARALLEL.  See  R^/Ujtumy 
Late*  (if, 

REFLEXION  OF.  — See  Re^ 

Jtexion 

— REFRACTION  OF.— See  Re^ 
fraciion. 

^—■ORDINARY  AND  EXTRAOR- 
DINARY. — See  RffracHon,  Double. 

RE-ACTION. — See  Action, 

REAUMUR’S  THER.MOMETER  («e 
called  from  the  name  of  iix  inventor)  it 
that  in  wbicli  the  f>pace  lietween  the 
freezing  and  the  Iniiling  poinu  of  water 
is  divided  into  eighty  parts,  or  degrees; 
the  freezing  point  being  marked  0,  or 
MCrOy  and  the  boiling  point  eighty.  The 
degrees  are  continued  of  the  same  size, 
twiow  and  above  these  points  ; those  be- 
low I>eing  reckoned  negative. 

REFLEXION  (from  the  Latin  rfjlectere^ 
to  bend  back)  is  a term  generally  used  in 
natural  philosophy  to  denote  the  re. 
l>ound  of  the  rays  of  light,  heat,  or  sound, 
from  an  opposing  surface.  Polisho*!  sur- 
faces reflect  the  light  to  the  eye,  and 
are,  therefore,  more  generally  termed 
reflectors  or  mirrors.  Heat  and  simnd 
arc  reflected  without  relation  to  the  eye, 
and  are  returned  from  more  rugged  ob- 
jects. 

— -■  LAW.S  or.  The  rdlt'xions 

of  light.,  heaty  and  sound,  are  found  to 
obey  the  same  laws  as  the  rebound  of 
elastic  balls  projected  ii]>oii  ela2<tic  sur- 
faces. It  is,  therefore,  that  the  panicles 
of  light  and  air  have  l>C(‘n  treated  as 
being  reflected  by  virtue  of  liieir  e/a*- 
tieity;  aUbougb,  on  this  principle,  wc 
cannot  well  account  for  the  reflexion  of 
light  from  both  surfaces  of  a glass  mirror. 

ANGLE  OF.  The  law  of 

reflexion  is  generally  expressed  by  the 
assertion  that  “ the  angle  of  inc’idenee  is 
always  equal  to  the  angle  of  reflexion,*' 
and  is  thus  explained 

If  A B 1 1 ) be  a plane  surface, 
and  a ball,  at  D,  be  Jig.  II. 
impelled  towards  C, 
perpendicular  to  that 
surface,  in  the  direc- 
tion D C,  it  will  re- 
bound,  from  the 
point  C,  back  to- 
wards  D,  In  tlte 
same  line  CD;  but 
if  the  ball  l>e  pro- 
jected to  the  same 
point  C,  from  any 
point  E,  iu  a direc- 
tion not  perpendicular  to  A B,  it  w'ill 
rebound  on  tlic  other  side  of  I)  C,  to- 
wards F,  in  such  a manner  that  K (’  I>, 
which  is  termed  “ (he  angle  (f  incidence 


shall  always  l»e  equal  to  F C D,  “ the 
angle  of  reflexion." 

If,  instead  of  a ball,  W'e  stippose  a ray 
of  light  to  emanate  from  E,  and  fall 
upon  0,  it  w'ill  be  reflected  in  the  same 
manner  to  the  eye  at  F,  along  the  line 
OF;  in  which  direction  only  cotild  an 
object,  reflected  from  the  point  C,  be 
visible.  A pulse  of  air,  which  is  some- 
times called  a **  ray  of  sound"  fallows 
the  same  law,  and,  if  proceeding  from  E, 
would  l)e  reflected  from  C,  directly  in  tlie 
line  C P,  in  the  points  of  which  it  would 
l>e  heard  (if  sufficiently  strong),  ns  a re- 
flected sound,  or  echo.  Some  authors 
call  E C B the  angle  of  incidence,  and 
A C F that  of  reflexion  ; but  the  mis- 
nomer is  of  little  consequence,  for  they, 
too,  are  equal. 

When  the  reflexion  is  made  from  a 
concavcy  or  from  a eonrex  surface,  the 
angles  of  incidence  and  reflexion  are  still 
equal ; but  they  are  measured  by  the 
tangent y or  rather  tangential  p/aney  which 
toudies  the  curve  at  the  point  on  which 
the  incident  ray  falls.  By  this,  we  shall 
aconnnt  for  the  several  cases  at  pages 
lo— 18  in  Optics.  Wc  may  add,  that  nil 
terrestrial  rays  are  dirergenty  as  pn»reo<l. 
iiig  from  a point;  but  those  of  the  sun 
are,  on  aci'ount  of  his  immense  distance, 
considered  as  parallel.  Convergent  are 
Mich  as  meet  in  a focusy  which  they  can 
only  do  liv  rrjlexiony  or  hv  refraclton. 

UEFLECTlNtJ  MK  HOSC  OPE.S  AND 
TELESCOPES  are  such  as  carry  a mag- 
nifled  image  of  the  object  to  the  eye,  by 
means  of  raj’s  rcjtected  from  a concave 
speculum. 

REFK.ACTION.  When  we  immerse  one 
end  of  a rod,  in  a slanting  direction,  in  a 
vessel  of  water,  the  part  immersed  ap- 
pears as  if  it  were  l»ent,  or  broken,  at  the 
surface  of  the  liquid.  This  phenomenon 
is  the  conwquence  of  the  rays  of  light 
(hv  which  the  rod  is  rendered  visible) 
being  l>ent  iu  their  course  ; the  straight- 
liuod  direction,  in  which  they  originally 
issueil,  being  changed  (liatin  refraetuty 
broken)  by  falling  on  another  mi'dinm. 
Refraction  is,  therefore,  used  in  natural 
philosophy  as  the  denomination  of  that 
deviation  from  its  course,  which  a Inxly 
invariably  experiences,  when  passing,  in 
an  obliqtie  direction,  from  one  fluid 
medhim  to  anotb.er  of  a diflertMitdensUy. 
The  term  Is  chiefly  njiplied  to  the  rays  of 
light  as  they  pass  through  trans)>arent 
lioilies. 

REFRACTIVE  POWER.  The  various 
transparent  media  refract  the  ra\*s  of  light 
in  diflerent  degrees.  I,ct  A B a 6 
{Jig.  1 2. ) lie  a transparent  lioily  on  which 
n ray,  C D,  incidet  from  a luminoiis  {xiint 
C,  u}ion  the  plane  surfsice,  A B,  at  1>. 
M'ere  this  raj  to  presen'e  its  rectilinear 
directiou,  it  w'ould  pass  ou  to  the  |>omt 
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£ : but,  meeting  with  Another  medium 
at  the  point  D,  it  is  reflected  to  F ; so 
that  the  lumi- 


Fig.  12. 
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nous  pointy  C, 
would  he  seen 
by  the  eye  at 
F,  and  not  at 
£.  Draw  the 
right  line,  OD 
il,  perpend  V 
cuior  to  A ", 
through  the 
t>om/  o/  tnei- 
<^er  D,which 

line,  D D II,  is  termed*  the  Jxis  cf  Re- 
fraction.  The  nngle,  C D O,  is  the 
angle  of  incidence^  and  H D F is  tlio 
angle  of  refraction.  These  angles  hare 
a fixed  relation  to  each  other,  in  the  same 
transparent  body,  whatever  the  angle  of 
incidence  may  he,  but  that  proportion  is 
diflerent  in  some  bodii>s  from  wimt  it  is 
in  others  I and  hence  those  bodies  are 
said  to  hare  a greater  or  a leas  refrac- 
tive poipcr.  M'hen  the  incident  ray  is 
por|K*ndicular  to  the  surface  on  which  it 
falls,  (as  in  the  direction  G D II,)  there 
is  no  refraction.  In  every  other  direc- 
tion, the  ratio  between  the  einee  of  the 
angles  of  incidence  and  of  refraction  is 
constant,  and  is  termed  the  Index  of  Re- 
fraction. Thus,  in  water,  if  the  sino  of 
the  angle  of  refraction  l>o  taken  as  unity, 
that  of  incidence  will  l)e  al>out  1 ^ ; and, 
therefore,  the  index  of  refraction  in  water 
is  marked  in  the  comparative  Taldes  as 
being  1.336.  This  is  called  the  Law  of 
the  Sinei. — See  Angle. 

In  the  passage  of  a ray  of  light  from  a 
dense  to  a rarer  medium,  the  refraction 
is  reversed.  The  angle  of  incidence  (at 
the  point  I),  whore  the  two  me«lia  meet) 
is  then  tho  lesser  one ; and  a luminous 
object  at  F,  would  be  seen  by  an  eye  at 


C. — St*e  Tanqent. 

REFHACTION,  DOUBLE.  Tlie  refrac- 
tion lost  mentioned  is  now  termed  Simple 
Refraction^  because  a theory  has  l»een 
furm»l  of  the  laws  of  that  Double  Refrae- 
tion^  whicli  was  long  ago  observed  in  Ice- 
land spar,  hut  has  since  been  found  to 
take  place  in  many  other  crystals,  and 
may  be  even  artifleiaily  communicated  to 
glass  : the  ray,  or  pencil  of  light,  when 
falling  on  a cr^’stal  of  double  refractiuu, 
produces  a double  iiiuge.  It  separates 
Into  two  parts  or  ra>'s?  one  of  which 
follows  the  ordinary  law  of  the  sines,  and 
the  other  Is  refracted  “ according  to  a 
new,  or  extraordinary  law.'*  These  two 
pencils  of  light,  into  which  the  ray  is 
divided,  are  termed  by  Dr.  Brewster  the 
ordinary  ray,  and  the  extraordinary  ray. 
REFRACTIN(>  MICROSCOPE.S  AND 
TELESCOPES  are  such  as  show  amag- 
i)ifie<I  image  of  an  object,  by  means  of 
rays  of  light  refracted  and  ooUected  into 
a focus  through  Icnsec. 


REFKANOIBILITY  is  the  capability  of 
being  refracted,  and  has  l>cen  employed  to 
designate  the  d^*Tee  of  that  pn)|K*rty 
which  is  possessed  by  the  several  divisions 
of  a ray  of  light.  It  is  owing  to  their 
various  re/ranytW/i/i>s  that  the  threads 
or  rays  separate  from  each  other  in  passing 
through  the  prism,  and  thereby  form  the 
coloured  epectmim. 

RELATIVE  GRAVITY.— See  Gravity. 

REPULSION  (liAtin  tepellere^  to  drive 
l>ack)  is  the  name  of  a jKiwer  orprinripic 
in  the  particles  of  natural  luxiios,  by 
which,  tinder  certain  circtimstances,  they 
refuse  to  meet  one  another.  It  is  the 
opposite  of  attraction,  and  f>qnai)y  inex. 
plicable.  The  elastinty  of  Iwxlies  ha.s 
been  referred  to  this  prindple,  wbich  is 
merely  giving  us  another  name  for  an 
unknown  cause. 

RESISTING  FORCE— See  Force 

RESULTANT.— Sec  Forces^  Com/>oiu7ton 
of 

RHO.MBUS.  A rhombus  is  a surface  hav- 
ing four  equal  sides,  hut  of  which  the 
angles  are  unequal  { it  is  a square  pressed 
out  of  shape  until  it  assumes  the  form  of 
the  diamond  of  a p'icJc  of  cards.  Ifthenp. 
posite  sides  only  are  equal,  it  is  calliHl  a 
rhomboid  or  rhombnides.  It  is  a compressed 
parHlleb>gram,  its  oppo.site  angles  only 
beingequal.  In  describing  cr)*stals,  some 
are  termed  rhirnibs  or  rhomboids,  because 
they  are  solids  whose  faces  have  those 
figures.  They  are  rhomboidat  solids. 
Others  are  described  by  the  number  of 
their  sides  (Greek  Ac^/ra)  or  fares.  Thus 
a solid  with  four  faces  is  calbsi  a tetra- 
hedron ; with  six,  a hexahedron;  with 
eight,  an  oetohedron;  w’ith  twelve,  a 
dodecahedron  ; with  twenty,  an  icosahe- 
dron ; and,  generally,  a solid  having 
many  sides,  is  a polyhedron.  All  theso 
have  their  adjectives  tetrahedral,  hexahe- 
dra/,  &c.  equivalent  to  the  English  four- 
sided,  six-sided,  &c. — A cube  is  a hexa- 
hedron. 

RIGHT  ANGLE.— See  Angle. 

RIGHT  LINE.  The  same  as  a straight 
line.— See  Curve. 

RIGIDITY  OF  CORDAGE.  One  of  the 
pro|>erties,  which  is  useful  in  ropes  and 
cordage,  when  applied  to  machinery,  is 
flexibility,  so  that  they  may  be  easily  lient, 
and  apply*  easily  to  wheels  and  pulleys. 
The  opposite  of  this  property  is  termed 
rigidity. 

ROCHELLE  SALT  is  a chemical  prepa- 
ration, used  in  medicine ; the  tartrate  of 
potash  and  siala.  It  crystallizes  in  large 
regular  eighusideil  prism.H. 

ROCK-CR YSTAIi. — See  Quarts. 

RUBY. — See  Corundum. 

SAFETY-VALVE  (a  necessary  appendage 
to  a steam-engine)  is  avalveo]>eningniiC- 
wards  from  a boiler,  and  loaded  with  a 
weight  sulficient  to  withstand  the  elastic 
pressure  of  the  steam  uuUl  it  rise  to  a 
C 
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but  which  would  Ik*  forced 
open  liefore  the  strain  could  burst  the 
boiler. 

SAPPHIRK.— StH*  Corundum. 

SATUUATKl)  SOLUTION.— See  Solu. 
lion. 

SCAl/E,  a line  dirided  into  a marked  nnm> 
b(T  of  small  andet]uul  parts,  which  is  ap- 
plied to  the  mca.surcof  other  lengths  that 
are  not  so  divided;  and  thereby  u>  ascer- 
tain their  relative  dimensions.  The  com- 
mon measures  of  length  are  divided  into 
feet,  inches,  &c.,  hut  are  not  termed 
scales;  this  )»eing  the  scientific  desi^^ia- 
tiun.  The  scales  of  thermometers  have 
a certain  jMiint  fnnn  which  the  heat  is 
counted  upwards  and  downwards,  that 
point  Wdn|?  marked  with  a cyptier,  and 
termed  srero.  The  Ijatin  plural,  Acala^  is 
a ladder  which  is  descended  by  degree* 
{depretsu*)  or  steps. 

SCRKW',  one  of  the  me<*hanical  powers. — 
See  Jifrchanictil  Poirer*. 

SEAL,  llEKMETla  — See  Hermetic 
Seal 

SECANT.— See  Angle. 

SILKX  is  an  ofmque  stone,  sufficiently  hard 
to  scratch  — sparkling?,  hut  never 

crystallized.  Common  (lint  and  U^kt- 
coloured  ]>ebhlcs  are  wholly  of  this  earth, 
which  are  termed  Siliceou*.  It  also  forms 
the  basis  <rf  ehakedong.,  cornWi/in,  jaspety 
and  many  oilier  stones. 

SINE— See  An^Ic. 

SINES,  LAW  i)¥  THE.— See  liii/tective 
Poirer. 

SOLIDS  are  bodies,  the  cohesion  of  whose 
particles  are  so  strong,  that  they  are 
moveable  only  as  a combined  mass. — See 
Fluids^  and  Litpnd*. 

SOLID  OF  LEAST  RESISTANCE.— 
See  Conoid. 

SOLUTION.  A solution,  in  chemical 
lan^iaf^e,  is  any  fluid  whicli  contains 
another  substance  dissolved  and  inti- 
mately mixed  with  it.  When  the  fluid 
will  dissolve  tin  more  of  the  substance, 
but  allows  the  excess  to  deposit  on  the 
bottom  of  the  vessel,  it  is  said  to  be  *ntum 
rated  (Ijatin  sntuTy  full),  and  the  mixed 
fluid  is  then  a Saturated  Sotuiion  of  the 
sul»stance  which  it  contains. 

SOUND,  a sensation  communicated  through 
tlic  ear,  by  means  of  the  particles  of  air 
(and,  nccosioimlly,  other  fluids)  which  are 
impelled  by  the  vibrations  of  the  sound- 
ing body. 

RAYS  OF. — See  R^fiesion. 

SPAR.  There  are  a great  number  of 
stones,  the  broken  surf^aces  of  which  pre- 
sent polisheil  shining  plates,  placed  so  ns 
to  cover  each  other,  like  horizontal  lieds. 
Most  of  these  have  been  tailed  xpara  ; 
and  this  form  is  termed  the  sparry  tex- 
ture. 

SPAR,  ADAMANTINE.  — See  Conm- 
dum. 

■—  ICELAND.— See  CtUoareou*  Spar. 


SPECIFIC  denominates  any  property  tnat 
is  not  general,  hut  is  confined  to  an  indi. 
vidual  or  sjtccic*. 

I — ■ GUAV’ITV.  — See  Ctravityy 
Specific. 

HEAT. — See  Catoric^  Sj^fie. 

SPECTRA,  OCUIiAR.— See  Ocular  Spec~ 
tra 

SPECTRUM,  PRISIMATIC.— See  Pris- 
matic Sj>eclrum. 

SPE(  ULU.M.— .^ee  Mirror. 

SPHERE,  or  OLORE.  A sphere  is  a 
solid,  ever)’  pfiint  <if  the  surface  of  which 
is  equally  disyint  from  a single  point 
within  it,  which  is  its  centre.  It  is  con- 
ceivetl  to  !»e  formed  by  the  motion  of  a 
semicircle  round  the  diameter. 

SPHERICAL  ABERUATION.  — See 
Aberration^  Spherical 

SPHEROID.  There  are  two  species  of 
spheroids,  the  oblate  and  the  oblong^  both 
of  which  are  understood  to  1>c  formed 
from  the  circular  motion  of  a semi-elli|»sia 
round  its  axis.  The  oblate  spheroid  is 
shaped  like  an  nrangi*,  and  the  oblong 
like  a lemon.  The  former  Is  generated 
by  the  motion  of  tlie  semi-ellipsis  round 
its  lesst*r  axis,  and  the  latter  liy  the  ellip- 
sis divided  longwise,  and  ttirned  round 
the  greater  axis.  These  solids  are  ge- 
nerally called  elliptoidty  and  sometimes 
conoidsy  though  they  have  no  resemblance 
to  single  cones,  and  but  little  to  double 
ones.  The  earth  is  an  oblate  spheroidy 
being  flattened  at  the  p«»les. 

SPIRAL.  A spiral  is  a curve  which  turns 
round  like  a circle,  hut  instead  of  ending 
where  it  Ijogan,  it  continues  to  revolve, 
receding  farther  and  farther  from  the 
centre.  There  are  various  spedes  of 
sjiirals.  The  power  that  moves  a watch 
is  a spiral  spring. 

STATICAL. — Sec  Static*. 

STATICS  is  that  division  of  the  science  of 
mechanics  which  considers  bodies  as  in- 
fluenced by  fortes  that  areinequiJihriuin. 
It  is  formed  from  the  Greek s/a/os,  stand- 
ing still— See  Force  and  F.qmUbrium. 
M’hat  lielnngs  to  .SVa/fC»  is  Statical. 
STEELYARD,  OK  RO.MAN  BA- 
LANCE.—-Si*e  Palnnee. 

STE.\M  is  the  vapourof  water  raised  to  a 
high  dqrree  of  elasticity  by  means  of  heat, 
so  as  to  Ihj  applied,  in  mechanics, as  amov- 
ing power.  In  ordinary  language,  it  is 
confniinde<1  with  rajxyur. 

STEAM-TIGHT  denotes  such  a degree  of 
closeness  as  prevents  the  escape  of  steam. 

STRAIGHT  LINE,  the  same  as  aright 
line. — Sec  Curve. 

SUCTION.  The  action  of  sucking  is  per- 
formed by  the  child’s  making  a vanmm 
in  its  nmuth,  which  exhausts  the  air  from 
the  porcji  of  the  nipple;  and  tlie  milk  is 
consequently  ejected  from  the  breast  hy 
the  unresisted  elasticity  of  the  air  within. 
The  raising  of  liquids  through  a tube,  by 
means  of  a piston  which  lifts  and  sustaiiia 
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the  of  the  atmoxphero  from  that 

part  of  the  xvell  which  is  covered  with 
the  lube,  leaving'  it  to  press  on  llio  other 
parts  of  the  surface,  is  also,  metaphori* 
rally,  termed  mction. 

TAnASHEER.  This  substance,  which 
has  been  long  famous  as  a medicine  in 
many  parts  of  the  East,  is,  originally,  a 
transparent  fluid  in  the  jointcNl  cantics 
of  the  bamboo  cane.  This  fluid  thickens, 
spontaneously,  until,  by  degrees,  it  is 
converted  into  a while,  or  a bluish  white 
solid,  something  like  a small  fragment  of 
a shell.  It  is  almost  wholly  composed  of 
Silica  (the  material  of  common  flint),  but 
is  easily  crumbled  between  the  Angers. 
By  imbibing  water,  it  becomes  transpa> 
rent : the  white  hits  in  n low  degree,  but 
the  bluish  nearly  as  much  so  as  glass. — 
See  Optics,  p.  62.  Similarly  formed  con- 
cretions are  not  unoonunon.  Humboldt 
discovered  Tabasheer  in  the  bamboos  of 


South  America ; and  Sir  Joseph  Banks 
found  a solid  pebble,  about  the  size  of 
half  a pea, — so  hard  as  to  cot  glass,'* — 
in  a green  baml>oo  that  was  reai^  in  a 
liothniise  at  Islington! 


TANGENT,  TANGENTIAL.  A straight 
line  touching,  but  not  cut-  fig  |3. 
ting,  a curx'e  is  tcrme<l  a 
Tangent^  from  the  Latin 
tangcre^  to  touch.  Thus  / \ 

AH,  Jig.  IS,  which  I C 

touches  the  circle  D E V > 

C F at  C,  <a  a tui. 

gent  at  that  point?  and,  b 


in  mechanics,  a force  acting  upon  a 
wheel  in  the  direction  of  the  lino 


A B,  is  said  to  be  Tangential,  It  is 
in  this  direction  that  motion  is  oom- 


munirated  l>etween  wheels  and  pinions, 
or  from  one  wheel  to  another.  A plane 
which  touches  a curvilineal  solid  is,  in 
like  manner,  termed  n tangential  plane. 
It  is  this  tangential  plane  from  which  wo 
measure  the  anylet  of  incidence  on  the 
point  C,  whether  the  impinging  ray  be 
rejected  or  refracted. — See  ktjtejnon, 
and  Jtefraetive  Poteer. 

TANGENT  of  ait  /Inqle. — %ee  Angle, 
TELESCOPE,  ACHROMATIC.  — See 
Ai'hromatie. 


TEMPERATURE.  The  temperature  of 
a boily  is  the  comparative  degree  of  active 
heat  accumulated  in  that  b<^y,  as  mea* 
ffured  by  au  instrument,  or  generally,  by 
Its  effects  on  other  bodies. 
TETRAHEDRON.— See  Rhomhm, 
THERMOMETER  (from  two  Greek 
words,  signifying  a measurer  (f  heat)  is 
an  instrument  which  sers'es  to  compare 
the  degree  of  active  heat  existing  in  other 
bodies.  This  comparison  is  made  by 
marking  the  effect  of  the  heat;  and  gene- 
rally by  its  power  in  expanding  a fluid, 
confined  in  a glo.ss  tube  hermetically 
sealed.  The  fluid  is  chiefly  contained  in 
a bulb,  and  rises,  or  falls,  iu  a very  nar- 


row tul>e,  supplied  from  the  fluid  in  the 
bulb,  which  contained  fluid  expands  or 
contracts  when  immersed  in,  or  applied 
to,  the  body  whose  heat  is  to  be  measured 
The  upper  part  of  the  tube  is  freed  from 
air,  to  allow  the  fluid  to  expand.  The 
fluid  capalile  of  sustaining  the  greatest 
d^free  of  hentwidiout  iMiiling,  is  mer- 
cury. Higher  degrees  are  measured  by 
other  instnimcnts  called  Pyrometers 
(Greek  lor  Jire’mea*urcrs)\  but  these 
are  all  very  imperfect,  so  much  so,  that  a 
good  pyrometer  is  yet  a desideratum. 
THERMO.METER,  CENTIGRADE, 
F A H R E iM  I E I T ' S AND  R E A U . 

MUR’S — See  those  several  articles. 
TORRICELLIAN  VACUU.M  is  the 
vacuum  at  the  lop  of  tlie  column  of  mer- 
cury in  a barometer,  and  so  called  from 
Torricelli^  the  inventor  of  that  instrti- 
ment. 

TOLHMALINE.  This  stone  is  hard 
enough  to  scratch  glass,  and  becomes  elec- 
tric by  heat.  It  is  of  various  colours  and 
forms;  it  is  transparent  wlien  viewetl 
across  the  thickness  of  a crystal,  but 
perfectly  opaque  when  turned  in  the  op- 
posite diroction. 

TRANSVERSE  DIAMETERS —Sec  Co- 
nic Seetums. 

VACUU-M  (Latin  racuMi,  empty)  is  lite- 
rally an  empty  place,  hnt  is  generally 
used  to  denote  the  interior  of  a close 
vessel,  from  which  the  atmoapheric  air 

and  every  other  gas  has  l»een  extracted. 

feco  Torricellian.  The  eoct/um  produced 
by  means  of  an  air-pump  is  always  im- 
perfect ; the  veasel  is,  nevertheless, 
terme<l  an  Exhatisted  Receiver. 

VALVE,  n close  lid  affixed  to  a tube,  or 
opening  in  a vessel,  l>y  means  of  a hinge, 
or  some  other  sort  of  moveable  joint,  and 
which  can  be  opened  only  in  one  direc- 
tion. 

VAPOUR  is  any  liquid  expanded  into  an 
elastic,  or  gaseous  fluid,  by  means  of 
heat.  It  differs  from  gas  in  its  want  of 
permanency  ; for  it  returns  into  the  li- 
quid  state,  when  exposed  to  a diminished 
temperature. 

VELOCITY  is  the  comparative  celerity  of 
motion  in  a moving  Iwidy. 

V^ERNIER.  A Vernier  (so  called  from 
the  name  of  its  inventor)  Is  a small  move- 
able  scale,  running  parallel  with  the  fixed 
scale  of  a quadrant  or  other  instrument, 
and  having  the  effect  of  snlKlividing  the 
divisions  of  that  instniment  into  more 
minute  parts. — See  .S’mfc. 

Let  A O,  14,  Ik*  any  proportion  o 
the  limb  (or  circular  part)  of  a qua- 
drant : for  example,  half  a degree  divided 
into  six  parts,  A B,  B C,  Ac.  of  five 
minutes  each.  I<et  II  I be  another  limb 
of  equal  extent,  divided  Into  five  parts. 
In  consequence  of  the  relation  of  these 
divisions,  wc  see  that  the  line  f b will  bo 
further  advanced  than  N bv  a fifth  port ; 
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g e liy  two-fiftlis  ; k fi  by  three-fifth*; 
m e by  four^fifths  ; and  I S by  fivc-fifthi, 
or  h whole  diWtiou.  lly  thi*  means  each 
Fig,  U. 


of  the  diTisions,  A B,  B C,  8cc.  may  be 
divided  into  five  parts,  or  minutes,  liy 
shifting  the  moveable  limb  (or 
11  I,  to  any  part  of  the  quadrant  where 
the  subdivision  is  required.  Tliis  appcn> 
doge  is  also  added  to  right  lined  scales,  as 
may  be  seen  commonly  on  Imrometcrs, 
by  which  the  inch  is  first  divided  into 
tcntlia,  and  a sliding  vernier  applied  so 
as  to  subdivide  the  inch  into  hundredths. 
The  vernier  was  invented  a1»out  the  year 
IGiiO,  a])d  was  long  termed  a A^onius; 
l>ccattsc  it  was  considered  as  merely  an 
improvement  of  the  method  of  subdivi- 
sion adopted  by  Nunnez^  a Portuguese, 
who  lived  about  a ceuturj’  previous.  The 
methotl  of  A'M«;n?.ar  was,  however,  difie- 
rent.  He  drew  ui>on  the  quadrant  a imm- 
iKjr  of  circles  (46)  concentric  with  tho 
limb,  each  of  whiclt  he  divided  di0e- 
rently  tlius,  tho  limb  had  90  parts; 
the  first  circle  OJ);  the  seoind  8fl,  dtc. 
M’Jieii  he  made  his  oliservation  he  marked 
the  division  on  which  it  fell,  (it  mattered 
noton  what  circle,)  and  ]>n)portioued  this 
division  to  that  of  00  on  the  limb.  Thus, 
if  it  cut  the  twenty-third  division  of 
the  quadrant  which  was  divided  into 
82  parts,  he  said,  if  quarter  of  a circle  di- 
vided into  82  parts  has  given  23  divisions, 
how  many  would  it  have  given  in  a qua- 
drant of  90  parts  ? and  by  this  calcula- 
tion  he  satisfied  himself  that  tho  real 
angle  was  2o  degrees,  14  minutes,  and 
38  seconds,  the  exactitude  of  whicli  must 
liavo  depended  much  upon  the  siae  and 
the  accuracy  of  the  construction  of  his 
instnimeiit. 

VERNIER,  CHROMATIC,  is  an  instru- 
ment so  calli'tl  and  invented  by  Dr.  Brew- 
ster, for  the  purpose  of  measuring,  by 
comparison,  the  vet*)’  minute  variations 
of  tints.  We  must  refer  to  page  53  of  the 
treatise  on  Polartmhon  of  L>yht  for  the 
description  of  tliU  vernier,  as  wo  find  it 


impossible  to  give  a simpler  explana- 
tion. 

VEHSKD  SINE.— See  AngU. 

VERTEX. — See  Cone,  and  Conic  Scctiont, 

VESUVIAN,  or  IDOCRASE,  is  a stone 
generally  of  a reddish-brown  colour,  simi- 
lar in  appearance  to  common  garnft.  It 
is  found,  rrystallixed,  among  sulistanoes 
thrown  out  by  volcanoes  ; and,  as  its 
name  indicates,  particularly  by  Mount 
Vesuvius. 

VIS  INEKTIiE.  According  to  Newton, 
ev’ery  liody  perseveres  in  tho  same  state, 
citherof  rest  or  of  uniform  motion,  in  a 
right  line,  unless  it  be  forced  to  change 
that  state  by  a foreign  force.  This  inert- 
ness,  or  principle  of  inactivity,  is  called 
by  the  I^atin  name  Vis  inertia. 

VOLU3IE.  The  apparent  space  whidi  a 
body  occupies  is  termed  its  volume  ; the 
effective  space  w'hich  the  same  lH>dy  occu- 
pies, orits  real  bulk  of  matter,  is  its  maxa; 
the  relation  of  the  moss  to  the  volume  (or 
the  quotient  of  the  one  by  the  other)  is 
its  density  i and  the  empty  spaces  or  voids, 
which  render  the  volume  larger  than  tho 
mass,  are  its  poren, 

WATER-TIGHT  is  that  degree  of  close- 
ness in  a ve.sscl,  or  tube,  which  prevents 
tho  passage  of  water. 

WEIGHT  is  the  comparative  measure  of 
the  gravity  of  bodies  at  tho  earth’s  sur- 
fotre. 

OF  THE  ATMOSPHERE.- 

See  Atmospheric  Pressure. 

M’IND  is  air  in  perceptible  motion. 

ZERO  (nothing). is  with  us  applied  only  as 
a scientific  term ; but  by  the  French, 
generally,  to  denote  a cypher  (0);  while, 
in  that  language,  un  chiffre  denotes  any 
of  the  digits,  or  arithmetical  figures.  Botli 
words  appear  to  be  of  similar  origin; 
and  probably  from  the  Arabic  tsap.haraf 
empty  or  void.  In  tins  literal  sense,  it 
fills  the  blank  between  the  ascending  and 
descending  numlM?rs  in  a series. — See 
Scale.  In  common  language,  to  cypher 
is  to  calculate;  and  to  teriie  in  cyphers  is 
to  write  in  secret  or  unknown  characters, 
such  as  were  the  Arabic  numerals  when 
first  introduced  into  Europe. 

ZIRCONE  is  a heavy,  hard,  sparkling, 
and  transparent  stone,  susceptible  of  a 
fine  polish,  and  having  n strong  double 
refraction.  It  is  usually  divided  into 
the  tw’o  varieties  of  llyuclnth  and  Jargon; 
the  former  having  a yellowish-red  colour, 
and  the  latter^b^ng  most  esteemed  whea 
colourless. 
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described  as  a mechanical  power  . . » 

lValgcwoo<r a pyronteter,  account  of  . . . . 

scale  of,  compared  with  Fahrenheit’s 
IVfighing  machine,  construction  of  . . . • 

H”cightj  dehnilion  and  cause  of  . 

. . comparative,  of  b(»dics  at  the  sun  and  difiercnl  planets 
, « of  air,  concerning  the  ..... 

..  of  the  atmo-phorc  ..... 

..  of  latent  heat  itivesUgalcd  .... 

..  distinguished  fr  *m  power  • . . 

See  Waler-tvheel. 

..  and  axle,  single  ..... 

. , , . double  ..... 

. , . . rombiriatitms  of  . . . 

Wheel‘hai'omeler^  construction  of  . • , 

}Vkeeh,  Ifevclled,  crown,  limtern  and  spur,  detcrioed 
, . and  pinions,  concerning  .... 

/rA'-f/,  Persian,  description  of  . 
tVheel-work,  complex  .... 

. , proper  form  of  the  teeth  in  . 

HTieely  sun  and  planet,  described  . . 

/I  'Ai/e,  a mixture  iff  all  colours  . . 

light,  decomposition  of  . . 

H’kite'a  pulley  desenbed 
IVild-piney  its  curious  water-reservoirs  . 
lymfUnaa.  description  of  that  mechanical  power 
Winff-miV/ls,  proper  angles  of  their  sails  . . 

fVine-ro'iiera,  their  cfTccl  in  diminishing  heat 
If  ine  snirit  of,  how  manofactured 
IVtriembvrg  syphon,  description  of  . . 

}folla$tona  Crvophonis  or  Frost-bearer,  described 
JVorcrtler^a  (Marquis  of)  steam-engine 
llbrAmy -poinf  of  a nnrbit»e>  defined 
JVdrka  on  friction  and  rigidity  of  cordage,  referreo 
. heat,  referred  to  . • . 

, , hydraulics  ...» 

..  hydroKtalics  .... 

• . mechanics  .... 

, . pneumatics  .... 

..  pularisation  of  light  . . t 

Ximc/ies' experiments  on  friction  . 

Zero  of  heat  in  bodies,  according  to  Dr. 
yA0,logg^  definition  and  objects  of  the  scic 
Zmreda'i  method  of  producing  converted 
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AN  KI.EMKr^AUY  SYSTEM  of  PHY- 
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F.R.S.,  8tc.  In  3 voU.,  Svo.;  published  sepa- 
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Voi.  1.  Second  Edition,  15«.  boArds. 
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**Tbts  Work  is  written  in  (kal  pleasant  stria 
whteh,  while  it  is  not  what  is  ttrietljr  eallei]  popnlar, 
cooUins  so  litMa  that  Is  technical  as  to  be  (tencrally 
inlWlifibls^  even  to  those  not  eonversaat  with  the 
nedieal  Kieares.  This  Work,  wbirh  we  cannot  too 
■troogljr  recommend  to  the  carefal  and  repeated 
•todjr  M oar  medical,  and  to  the  perosal  of  onr 
fcneral  readers  at  praeentinir  them  with  a nKMt  ra* 
eelleot  and  krid  s)|ft(em  of  Phjrsiolof  jr,  is  terminated 
bp  a lilt  of  the  articles  reTerrra  to,  aad  a complete 
lodes. Ooz. 

II. 

AN  ACCOUNT  of  the  HISTORY  and 
PRESENT  StATR^  GALVANISM.  By 
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III. 

ELEMENTS  of  R.XPERIMKNTAL  CHE- 
MISTRY. By  WILUAM  HENRY,  M.O., 
F.R.S.,  ficc.  Tlie Tenth  Edition,  comprehending 
all  the  recent  OiscoTerieat  and  illustrated  with 


V. 

AN  ATTEMPT  to  ESTABLISH  lha 
FIRST  PRINCIPLES  of  CHEMISTRY  by 
EXPERIMENT.  By  THOMAS  THOM- 
SON, M.D.,  Regius  Professor  of  Cht*inlslry 
in  the  University  of  Olat^w,  &C.  2 voU.  8vo. 
Price  U.  lOt. 

VI. 

A SYSTEM  OF  CHEMISTRY.  By  lha 
same  Author. 

A New  Edition,  being  ine  •Sevea/A,  is 
in  the  press. 

**  If  It  is  aeimatinir  to  see  a philosopher  like  Davy 
breahinr  down  the  former  Imundariea  of  humaa 
haowlfdfte.  aad  opening  new  iraru  of  siwcalatiMa 
aad  of  enlerpriHe,  there  is  also  a calmer  but  |«rhaps 
not  less  grniifyiog  deUclil  in  beholding  the  majestio 
fahrie  of  scienee  ririnit  fresh  and  lieatitifnl  from  tbo 
hand  of  a master  like  Thotiison,  dispoeed  in  all  ita 
parts  with  iruiiijjji  iiyr  nriiTi  nad-~rr[irn'TTl^'~M*i 
• uiiiwiiieiiis  only  as  ste  riissts  and  appropnato. 

**  If  there  be  any  power  which  the  Doctor  po^aasaea 
in  an  eminent  degree,  it  k that  of  maslerir  and  kmi- 
aons  dispoaitioB ; and  we  belteee  we  spaalt  tlie  sensa 
of  all  the  chcoiists  ia  Karope.  ahen  wt  aay  that  it  ii 
this  excrtlence,  more  than  any  other,  which  has 
fiven  to  his  work  ita  very  attansira  popalarity.**^ 
wacihrood*«  Hag.  Aog.  i8St. 


Ten  Pistes  by  Lowry,  and  several  Kngrafings 
on  Wood.  In  2 vole.  6vo.  1/.  14e. 

IV. 

THE  USE  of  the  BLOWPIPE  in  CHE- 
MICAL ANALYSIS,  and  in  the  EXAMI- 
NATION of  MINKHA145.  By  J.  J.  BER- 
ZELIUS, Memberof  the  Academy  of  Sciences 
of  Stockndlm,  ftc.  With  a Sketch  of  Berre- 
lius  8y5lem  of  Mincralt^y ; a Synoptic  Table 
of  the  principal  Characters  of  the  Pure  Earths 
and  Metallic  Oxides  befofe  llte  Blowpipe;  and 
numerous  Notes  and  Addilious  by  the  Trans- 
lator. In  8vo.  With  'Three  Plates.  Price 
12e.  Translated  from  the  French  ol  M.  Fats* 
ML,  by  J.  QMWMIUi^r  FJi.S.U  & E„ 
F.I..S.,  8tc. 

Wa  regret  much  that  oar  limits  lastrict  ns  from 
making  mors  ample  seleelioos  from  Ibis  Work,  as 
tbera  fai  mneh  ralaable  aad  important  informatioe  to 
Iw  obtained  fnwn  it.  With  respect  to  lha  Translator, 
wa  think  ha  has  (Inna  hU  author  great  jostice,  and 
has  forther  enrichail  the  book  with  a great  nnmbar  of 
iotcra*ting  facts  and  important  additions  of  his  own. 
The  Work  will  be  foami  to  contain  a most  copiona 
aad  eaecllcnt  digest  of  the  Phenomena  so  far  as.  In 
the  present  stata  of  onr  knowMge.  they  have  been 
dtrelo]ie«l  by  the  different  mineral  snoalaaces  ea- 
piwed  to  the  aeiioo  of  the  Blowpipe : and  as  saeh  we 
stfongly  recouuuend  it."— Lffrrary  Rfgistcr* 


VII. 

MATHEMATICS  for  PRACTICALMEN- 
or,  Mechanics’  Common-plsce  Book  of  Prin- 
ciples, 'Theorems,  Rules,  and  Tables  In  various 
Departments  of  Pure  and  Mixed  Mathematics  ; 
with  their  most  useful  Applications,  especially 
to  the  Pursuits  of  Suneyors,  Architects,  Me- 
chanics, nnd  Civil  Engineers.  By  O.  GRE- 
GORY, LUD.  In  a largo  volume,  6vo.  with 
230  Wood  Cuts.  14r.  l^rds. 

**  This  book  fairly  falMs  what  the  title  primises, 
and  wa  can  safely  raooramend  i^— JUa*.  4fag. 

^TH. 

SCIENTIFIC  DIALOGUES;  Intended 
for  the  Instruction  and  Entertainment  of 
Young  People;  in  which  the  First  Principles 
of  Natural  and  Experimental  Pliilosophy  are 
fully  explained  ; comprising  Mechanics,  Astro- 
nomy, Hvdroslatics,  Pneumatics,  Optics,  Mag- 
netism, Electricity,  and  Galvanism.  By  the 
Hav.  JEREMIAH  JOYCE.  A New  Edition. 
In  6 vols.  ISmo.,  price  15t.  half-bound. 

In  this  Edition  Wood  Cuts  are  substi- 
tuted for  l*lates,  as  facilitating  the  reference 
from  the  text  to  the  Ogures. 
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IX. 

A COMPANION  lo  the  SCIENTIFIC 
DIALOGUES;  or,  the  Tutor’s  Assistant  and 
Ihipil'a  Mattual  in  Natural  and  Experimental 
Pliilnsophy ; containing  a complete  Set  of 
Questiona,  ami  other  Exercises,  for  the  Exami- 
nation of  Pupils  in  the  Scientific  Dialogues, 
nnd  forming  a Seventh  Volume  of  that  Work. 
To\^‘hich  is  added,  a Compendium  of  the  prin- 
cipal Facts  under  each  Department  of  Scienre. 
By  the  same  Author.  I’rice  2r.  C</.  half* 
boutid. 

X. 

DIALOGUF.S  on  CHEMISTRY;  intended 
forihe  Inslniclionand  Entorlainmenl  of  Young 
People;  in  which  the  first  Principles  of  that 
Science  are  fully  explained.  With  Questions 
for  the  Examination  of  Pupils.  A New  Edi- 
tion, carefully  corrected  according  to  the  latest 
improvcmeuls  in  the  Science.  By  the  same 
Author.  2 vols.  price  half-bound. 

XI. 

THE  POCKET  CYCLOPEDIA;  or. 
Epitome  of  Universal  Knowledge,  designed 
for  Senior  Scholars  in  Schools,  and  for  young 
persons  in  general ; containing  multiurious 
and  useful  Information  on  numerous  Subjects 
necessary  to  be  known  by  all  per^ns,  yet  not 
to  be  found  in  bonks  of  general  uvc  in  Schools. 

In  company,  lo  discover  gross  ignorance 
of  things  becoming  one’s  station  in  life  to 
know,  is  insuppoiubly  ntortifyiog  and  de- 
grading.*' 

By  JOSEPH  GUY, 

Formerly  of  the  Military  College,  Author  of 
the  School  Geography,  ElemenU  of  Astro- 
nomy, British  Spelling  BuoY,  General 
School  Question  Bookj  Chart  cf  History,  «cc. 
The  Ninth  Edition,  enlarged  and  extensively 
improved,  with  the  Addition  of  numerous  Ap- 
ropriate  Cuts,  in  a handsome  thick  Volume, 
2mo.  price  lOi.  6rf.  boards. 


XII. 

ELEMENTS  of  ASTRONOMY;  xsiib 
Eighteen  excellent  Engravings,  familiarly  il- 
lustrating all  the  prorninent  and  most  interest- 
ing parts  of  the  Science.  Designed  for  senior 
Scholars  of  both  sexes,  for  private  Sludenls, 
and  for  the  use  of  families  generally,  with  a 
complete  set  of  Questions  for  examination. 
By  the  sam*;  Author.  The  Third  Edition,  in 
16mo.  price  only  fix.  handsomely  bound. 

*#♦  In  this  work  the  Author’s  principal  ob- 
ject has  been  to  furnish  a Cla«s-bouk  for 
Schools  relative  to  this  indispensable  part  o. 
polite  education.  And  in  order  to  accommo- 
date it  as  much  as  possible  to  the  views  of  dif- 
ferent tutors,  some  preferring  a mere  outline  of 
the  scieficc,  others  more  dcUilol  and  tnimilc 
information,  both  Urge  and  small  type  have 
been  employed,  the  former  exhibiting  a com- 
plete outline,  the  latter  (in  intermediate  para- 
graphs which  may  be  passed  over  at  pleasure} 
those  minutiiE  which  arc  not  absolutely  in- 
dispensable. Thus  the  work  may  be  perused 
by  the  younger  scholar  without  perplexity,  and 
hy  the  more  advanced  student  without  defi- 
ciency. 

XIII. 

A TREATISE  on  NAVIGATION  and 
NAUTICAL  ASTRONOMY,  adapted  to 
Practice,  and  to  the  Purposes  of  Elementary 
Instruction;  containing  the  Klcmenlary  Prin- 
ciples of  Algebra,  Geometry,  Plane  and  Spheri- 
caj  Trigonometry,  and  Navigaiion;  the  Method 
of  keeping  a ?5oa  Jvuiiial ; Cout’isc  and  Simple 
Rule«,  with  their  investigations,  for  finding  the 
Latitude  ami  Longitude,  and  the  variation  of 
the  Compass,  by  Celestial  Ob.servations;  the 
Solution  of  other  useful  Nautical  Problems; 
with  an  extensive  Series  of  Examples  for  Ex- 
ercise, and  all  the  Tables  requisite  in  Nautical 
Compulations.  By  EDWARD  RIDDLE, 
Master  of  the  Mathematical  School,  Koval 
Naval  Asylum,  Greenwich  in  8vo.  price  11#. 
boards,  or  12s.  bound. 


DR.  THOMSON'S  ANNALS  OF  PHILOSOPHY. 

The  ANNAI.S  of  PHILOSOPHY;  or  Magazine  of  Chemistrv,  Mineralogy,  Mechanics, 
Natural  History,  Agriculture,  and  the  Arts.  By  THOM.AS  THOMSON,  M.D.,  F.R.S.L. &E., 
F.LS.,  and  Regius  Professor  of  Chemistry  in  tlia  University  of  Glasgow. 

• Tills  work  was  commenced  in  January,  1812,  and  continued  unintcrrupledl^y  until  1821, 
wnen  a Nrw  Series  was  commenced,  under  the  care  of  Ricturd  Phillips,  Esq.,  h.RJ^.L. 
and  E. ; and  George  Esq.,  F.K.S.L.  and  E.,  and  F.L.S-,  and  continued  lo  tlie  end 

of  182C  ; the  first  Series  consisting  of  Sixteen  Volumes;  and  the  second  of  Twelve. 

At  its  commencement,  Uic  Aiin.als  of  inmosophy  stood  alone  a*  the  ileposilory  ol  Scientific 
Inquiry,  and  Philosophical  Di-covery.  Its  success  caused  numerous  competitors  16  start  into 
existence  ; but  none  of  them  rivallcJ  this  work  for  original  views  and  extensive  correspondence. 
A distinguishing  feature  of  the  First  Series  may  be  considered  to  be  the  accurate  delineation 
of  the  Progress  of  the  Doctrine  of  Definite  Proportions,  or  the  Atomic  Theory.  Tliis  ebarac- 
terifttic  was  by  no  ror.vns  lost  after  the  eminent  founder  of  the  work  was  removed  from  the 
metropolis  lo  take  the  Uhemistrv  Chair  in  the  University  of  Glasg  ow  ; but  a new  feature 
was  added  by  the  gentlemen  wfio  succeeded  Dr.  Thomson  as  Editors,  Mr.  Phillips  and 
Mr.  Children/ in  a more  constant  aUenlion  lo  the  advances  made  in  Geology,  and  by  the 
desenption  of  a great  number  of  new  .substances. 

The  publication  price  of  the  whole  work  was  21/.  By  reprinting  several  numbers,  the 
proprietors  have  been  able  to  make  up  a few  complete  lets,  w hich  they  propose  lo  sell  for 
0/.  lOi.  each. 


